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Abstract—In multi-relay cooperative systems, the signal at the
destination is affected by impairments such as multiple channel
gains, multiple timing offsets (MTOs), and multiple carrier frequency
offsets (MCFOs). In this paper we account for all these impair-
ments and propose a new transceiver structure at the relays and
a novel receiver design at the destination in distributed space-time
block code (DSTBC) based amplify-and-forward (AF) cooperative
networks. The Cramér-Rao lower bounds and a least squares (LS)
estimator for the multi-parameter estimation problem are derived.
In order to significantly reduce the receiver complexity at the des-
tination, a differential evolution (DE) based estimation algorithm
is applied and the initialization and constraints for the conver-
gence of the proposed DE algorithm are investigated. In order to
detect the signal from multiple relays in the presence of unknown
channels, MTOs, and MCFQOs, novel optimal and sub-optimal min-
imum mean-square error receiver designs at the destination node
are proposed. Simulation results show that the proposed estimation
and compensation methods achieve full diversity gain in the pres-
ence of channel and synchronization impairments in multi-relay
AF cooperative networks.

Index Terms—Cooperative communication, amplify-and-for-
ward (AF), Cramér-Rao lower bound (CRLB), differential
evolution (DE), distributed space-time block code (DSTBC),
receiver design.

I. INTRODUCTION

A. Motivation and Literature Survey

OOPERATIVE communication using relays has been
recognized as a promising technique to improve the per-
formance of wireless networks, reducing the need for physical
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deployment of multiple co-located antennas at the individual
users [1], [2]. Amongst the different relaying protocols [3], am-
plify-and-forward (AF) is attractive due to its implementation
simplicity, i.e., every relay node linearly processes the received
signal before forwarding an appropriately scaled version to the
destination.

Different relaying protocols have different cooperation
strategies. The repetition cooperative strategy allows relays
to transmit sequentially in different time slots, which leads
to inefficient bandwidth utilization [4]. In order to improve
bandwidth efficiency, this approach can be modified to allow
for the relays to transmit simultaneously in multi-relay cooper-
ative networks. However, depending on how the relays’ signals
superimpose at the destination, achieving full diversity gain is
not guaranteed [5], [6]. The distributed space-time block code
(DSTBC) cooperative strategy allows relays to transmit in the
same time slot using the DSTBC structure [7]. Given its poten-
tial, the combination of AF relaying and DSTBC has attracted
recent research interest as an efficient means of providing coop-
erative diversity [8], [9]. However, the performance benefits of
DSTBC schemes depend on accurate synchronization amongst
cooperating nodes, which increases the overhead at the relays.

The distributed nature of cooperative communication sys-
tems makes synchronization for AF relaying with DSTBC
a non-trivial task. Unlike conventional multiple-input mul-
tiple-output systems, where co-located antenna elements may
result in a single timing and a single carrier frequency offset,
asynchronism amongst multiple distributed relays in coopera-
tive networks gives rise to multiple timing offsets (MTOs) and
multiple carrier frequency offsets (MCFOs) at the destination
[6]. It has been shown that time asynchronism can destroy the
elaborate structure of the DSTBCs, reducing the achievable
diversity gain [10], [11]. Similarly, carrier frequency asynchro-
nism can lead to a symbol to symbol channel time variation
and to a violation of the essential requirement for successful
DSTBC decoding and achieving spatial diversity [12].

Most of the literature on AF relaying with DSTBC has fo-
cused on analyzing the end-to-end system performance in terms
of signal-to-noise ratio (SNR), outage probability, and symbol
error probability while assuming perfect synchronization [8],
[9]. Others have focused on the design of delay tolerant DSTBC
[13] and carrier frequency offset tolerant space-frequency codes
[14] for decode-and-forward (DF) systems. However, the algo-
rithms in [13], [14] do not consider the joint estimation and com-
pensation of MTOs and MCFOs and cannot be applied to AF
relaying due to the codes that rely on the assumption that the re-
ceived signals at the relays are free of any frequency and timing
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offset. More importantly, [13] and [14] provide no means of
estimating MTOs and MCFOs, even though they require these
parameters to be obtained at the destination for successful de-
coding.

Algorithms have been proposed for estimation and compen-
sation of channel gains [15], MTOs [16], or MCFOs [17] in
DSTBC-orthogonal frequency division multiplexing (OFDM)
AF relaying systems. However, the algorithms in [15]-[17]
cannot obtain both timing and carrier frequency offsets jointly
at the destination. Even though joint synchronization schemes
for obtaining and compensating multiple channel gains, MTOs,
and MCFOs for DF relaying DSTBC-OFDM based cooperative
systems are available in the literature [18], [19], these solutions
cannot be applied to AF relaying systems due to the funda-
mental differences in the relaying protocols and transceiver
structures at the relays and destination. In addition, the algo-
rithms in [15]-[19] exploit the cyclic prefix and the frequency
domain structure of the signal, which is specific to OFDM
systems and depending on the number of sub-carriers used, the
carrier frequency offset acquisition range of the algorithms in
[15]-[19] is very limited.

For general AF relaying with DSTBC, channel estimation
and equalization [8], joint channel and MCFO [20]-[22], or
joint channel and MTO estimation and compensation [10] are
addressed in the literature. However, these schemes do not
jointly estimate and compensate multiple channel gains, MTOs
and MCFQOs, i.e., they estimate and compensate either MCFOs
while assuming perfect timing synchronization [20], [21] or
vice versa [10]. As shown in Section VI-B in this paper, such
an approach does not allow for successful decoding of the
received signal at the destination in the presence of both MTOs
and MCFOs. Finally, [6] addresses the problem of timing and
carrier synchronization in AF and DF cooperative networks.
However, the transceiver designs and estimation algorithms
proposed in [6] cannot be applied to DSTBC-AF cooperative
networks due to the particular processing required at the relays
and destination to enable transmission and decoding of DSTBC
in AF cooperative networks. Consequently, the transceiver
design in [6] does not achieve full cooperative diversity.

B. Contributions

In this paper, complete synchronization, i.e., joint estima-
tion and compensation of multiple channel gains, MTOs, and
MCFOs, in DSTBC-AF relaying cooperative networks is pro-
posed. The processing at each relay’s transceiver consists of
estimating and then compensating the source to relay timing
and carrier frequency offsets before forwarding the linearly pro-
cessed signals to the destination using DSTBC. At the desti-
nation, the channel gains, MTOs, and MCFOs are jointly es-
timated using transmitted training sequences and the proposed
least squares (LS) or differential evolution (DE) based estima-
tors [23]. The DE algorithm, which is an iterative method, sig-
nificantly reduces computational complexity at the destination.
Next, a novel minimum mean-square error (MMSE) receiver for
compensating the effect of these impairments at the destination
is derived. In summary, the main contributions of this work are
as follows:

* A new transceiver structure at the relays and a receiver

design at the destination for achieving synchronization in
DSTBC-AF relaying cooperative network are proposed.
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e New Cramér-Rao lower bounds (CRLBs) for joint esti-
mation of multiple system parameters at the destination
are derived. Aside from benchmarking the performance of
the proposed estimators, these bounds are applied to de-
termine the statistics of estimation errors for timing offset,
frequency offset, and channels, which is in turn used in the
design of the MMSE receivers at the destination.

* An LS estimator for joint estimation of channels, MTOs,
MCFOs is formulated. Next, in order to significantly
reduce the computational complexity associated with the
joint estimation problem, a DE based algorithm is applied.
A parameterization of the proposed DE estimator is pro-
vided that achieves fast convergence. Simulation results
show that the mean square error (MSE) performances of
both the LS and the DE estimators are close to the CRLB
at moderate-to-high SNRs.

* An MMSE receiver for compensating the effect of im-
pairments and detecting the signal from the relays at the
destination is derived. In order to reduce overhead, a low
complexity version denoted by L-MMSE is also proposed
that can detect the received signals using only the overall
channel gains, MTOs, and MCFOs estimates obtained at
the destination.

« Extensive simulations are carried out to investigate the
performance of the overall proposed transceiver design in
DSTBC-AF cooperative networks for different numbers of
relays and system design parameters. It is shown that the
proposed DSTBC-AF relaying system achieves full spatial
diversity gain for 2 and 4 relay networks and outperforms
existing cooperative strategies in the presence of MTOs,
MCFOs, and unknown channels.

C. Organization

The remainder of the paper is organized as follows: Section I1
details the system model for the proposed relay transceiver
and destination receiver. Section III derives the CRLBs for the
multiple parameter estimation problem. Section IV presents the
proposed LS and DE based estimators. Section V derives the
compensation algorithms denoted by MMSE and L-MMSE.
Section VI presents numerical and simulation results that study
the MSE and bit-error rate (BER) performances of the pro-
posed estimators and compensation algorithms, respectively.
Finally, Section VII concludes the paper and summarizes its
key findings.

D. Notations

Superscripts (-)*, (-)¥, (-)®, (-)’, and (-)" denote the
conjugate, the transpose, the conjugate transpose, the first
derivative, and second derivative operators, respectively.
® and ® stand for the Hadamard and Kronecker products,
respectively. E,{-} denotes the expectation operator with
respect to the variable . R{-} and J{-} denote the real
and imaginary parts of a complex quantity. Symbols with
superscripts (- )**1 and ()" denote the source to relay and
relay to destination parameters, respectively. Symbols with
superscripts (- )ITT] and ( - )[PTT] denote the signals in training
and data transmission periods, respectively. The operator, &
represents the estimated value of z. N'(p1, o) and CA (p, o?)
denote the real and complex Gaussian distributions with mean
v and variance o2, respectively. U(—x, ) denotes a uniform
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distribution between —z and x. Boldface small letters, x and
boldface capital letters, X are used for vectors and matrices,
respectively. [X].. , represents the entry in row z and column
y of X and [X]4.p 4.4 denotes a submatrix formed by the rows,
a to b, and columns, z to y, of the matrix X. Iy, Ox« x, and
1x«x denote X x X identity, all zero, and all one matrices,
respectively. ||x|| represents the £ norm of a vector x and
Tr{X} denotes the trace of X. diag(x) is used to denote a
diagonal matrix, where its diagonal elements are given by the
vector x and diag([X1, Xz, ...]) represents a block diagonal
matrix, where [X1, X3, ...] are the diagonal matrices. Finally,
3., @,y = E{xy}, and ®, £ E{xx} denote the co-
variance matrix of x, the cross correlation matrix between the
vectors x and y, and the correlation matrix of x, respectively.

II. SYSTEM MODEL AND TRANSCEIVER DESIGN

As shown in Fig. 1, a half-duplex AF cooperative system with
one source node, S, K relays, Ry, ..., Rg, and a single destina-
tion node, D is considered. Each node is equipped with a single
omnidirectional antenna. The channels from the source to the
kth relay and the %th relay to the destination are denoted by 7y,
and fy, respectively. The index £ =1, ..., K is used for the K
relays. In Fig. 1, 73, and 14, are used to denote timing and car-
rier frequency offsets, respectively. Throughout this paper, the
following set of system design assumptions is considered:
Al. Each transmission frame from source to relays and
relays to destination is comprised of two periods: a training
period (TP) followed by a data transmission period (DTP).
Without loss of generality, it is assumed that during the TP,
unit-amplitude phase shift keying (PSK) training signals
(TSs) are transmitted from the source to the kth relay and
from the kth relay to the destination, ¥ k. The TSs from
all the relays are linearly independent. Such TSs have also
been considered previously, e.g., in [10], [20].!
A2. Quasi-static and frequency flat fading channels are
considered, i.e., the channel gains do not change over the
length of a frame but change from frame to frame ac-
cording to a complex Gaussian distribution, CA/(0, o?).
The use of such channels is motivated by prior research in
this field [10], [20], [24], [25]. Moreover, the assumption
of frequency flat channels can be broadened to frequency
selective channels by employing OFDM.
A3. The timing and carrier frequency offsets are mod-
eled as unknown deterministic parameters over the frame
length, which is similar to the approach adopted in [10],
[20], and [24].

The proposed system model at the relays and destination is de-

tailed below.

A. Proposed Transceiver Model at Relays

The block diagram of the AF transceiver at the kth relay is
shown in Fig. 2. During the first time slot, the source trans-
mits the training and data symbols to all relays. The received
signal at the kth relay, 74 (%), is down converted by oscillator
frequency wy. The received signal is oversampled by a factor
N, such that T" = T, N, where 7' is the symbol duration and
T is the sampling period. L. denotes the number of training
symbols during TP and the number of data symbols during

IThe detailed design of the training sequences is outside the scope of this
paper.

3145

\st\ V\SY\ fl; 7~/’ d]
s L Lol
has r1(t) 7
0,

S
L4

é/r, e
a 22 bA?I‘/
i

rk(t)
Fig. 1. System model for AF cooperative network.

i
Frequency offset Timing offset | !

Estimation
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T edwnt

r(®) T J‘C\—jzm‘,{"ﬂ/w
Tx Filter
é S ©

Fig. 2. Proposed AF transceiver design at the kth relay transceiver.

Estimation

relay
output
to D

DTP. For clarity, here, the indices » = 0,1,...,L — 1 and
i =0,1,...,LN — 1 are used to denote the symbols and the
T,-spaced samples, respectively. Each relay uses the training
signal from the source node to estimate the source-to-relay
carrier frequency and timing offsets. The proposed transceiver
design and signal model corresponding to the TP and DTP are
detailed in the following two subsections.

1) Training Model at Relays: During TP, the sampled re-
ceived signal vector at the kth relay, ry, = [r£(0),...,r5(LN —
)], is given by

rp = e APIGERE o k=1, K (D)

where

* hy denotes the unknown channel gain from source to the

kth relay that changes from one frame to another frame
following the distribution, hy ~ CA(0, 07 ),

. AE:I] e dia‘g([ej%l'ufr](())/f\" 6j27ru£:r](LN71)/N])

diagonal LN x LN matrix, I/,E,St] denotes the unknown car-
rier frequency offset, normalized by the symbol duration
T, between source and the kth relay,

. GE:T] is the LN x L matrix of the samples of the pulse
shaping filter such that [GE:I]][',,L £ gu(iTy — 0T —
7707), 711 denotes the normalized unknown timing
offset between source and the kth relay, ¢,...(t) stands for
the root raised-cosine pulse shaping function,

o thl £ ), . ¢(L — 1)]7 is the TS transmitted
from source to relays, and

e up 2 [ur(0),. . up(LN — 1)]7, ug(i)Vi, denotes
the zero-mean complex additive white Gaussian noise
(AWGN) at the #th sample of the received signal, i.e.,
ug(i) ~ CN(0,02,).

Note that the noise terms at the relays are assumed to be mutu-
ally uncorrelated, i.e., E{ufu;} = 0, for k # k.

The estimates of the timing and frequency offsets at the kth
relay, 7™ and 21!, respectively, are used for matched filtering
and frequency offset correction at the kth relay, as shown in the
Fig. 2. Standard estimation and synchronization techniques for

ey isa
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carrier and timing synchronization in point-to-point communi-
cation systems, e.g., [26], can be applied to obtain T,E " and p [”]
¥V k, and will not be discussed here.

Let the timing and frequency offset estimation errors between

source and the kth relay be denoted by 6_ [sr] _ sl
k

= Tk k
and . [Sr] 19,&“} respectively. According to the results
in [10]k 6 s and 6 «r are Gaussian distributed, i.e., 8 o) ~

k k:
N(0, (f tp) and 6 p. o~ N(0, a2 o .) [10], where o2 2o
o2, are t1m1ng and frequency offset estimation error varlances

E
respectively. In this paper, a [« and 0’ ) are set to their re-

and

spective lower bounds in pomt -to-point systems given in ([26],
Ch. 6). Taking into account the timing and frequency offset esti-
mation errors, the vector of 1mperfectly synchronized received
signals at the kth relay, b0 £ [T (0),. .. plTF (1, — 1))7,
as shown in Fig. 2, can be written as [26]

bl = px TP 4oy ©)
where P
) . J278 for)
hd X[TP] i AAk AG&SI]t{SI]?AA[ ] é dlag([e k
3276 (o (L—1)
ek ])is an L x L diagonal matrix, A ol

is an L x L matrix, such that [AG[ )n.a g,b(nT —
nl'—6 T),forn,n=0,..., L~ 1, . grc(t) stands for the

raised- cosme function, which results from the convolution
of gr, c( ) and root raised-cosine matched filter,

. = g & A[“]uk is the matched filtered noise, gf“ is an

L x LN matrix such that [QE:Y]]M 2 Jrre(nT — iT, —
A[SY]T) and A[ "isan LN x LN matrix such that Ag‘qr] =
A[sr] ‘
Subsequently, the Pth relay applies its unique training signal,
tgd] = [f[r(”(()) ..... tg:d](L 1)]* to the matched filtered
output, bgC ], performs the pulse shaping operation, and up
converts the analog signal by the oscillator frequency w;. (see
Fig. 2). Note that the proposed AF transceiver in Fig. 2 is less
complex than a DF relaying transceiver since there is no channel
estimation, equalization, and decoding blocks after the matched
filtering block.
2) Data Transmission Model at Relays: During DTP, the
modulated data symbol vector, s £ [s(0),s(1),..., s(L—1)]7,
is transmitted from the source to the relays. The sampled re-
ceived signal vector at the kth relay during the DTP is given by
(1), where t1*"! is replaced by the data symbol vector, s. After
performing timing and frequency synchronization, the matched
filtered signal vector at the kth relay in the DTP, b[DTP] =

[b[DTP] (0),. ,FLDTP]( — 1)]%, is given by [26]
bIPTFl = px PPy 3)
where x[DTP] £ AA[S,] AG[S. s and ng are defined below (2).

During the DTP, before forwardmg its signal to the destination,
each relay applies a DSTBC to the corresponding matched filter
output, performs the pulse shaping operation, and up converts
the analog signal by the oscillator frequency wy, (see Fig. 2).
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B. Proposed Receiver Model at Destination

The block diagram for the proposed receiver at the destina-
tion is shown in Fig. 3. As described in Section II-A, each relay
applies its independent training and DSTBC. Consequently,
the received signal at the destination, %(t), is a superposition of
signals from different relays. At the destination, y(¢) is down
converted by the oscillator frequency wy and then oversampled
by the factor N. Furthermore, multiple channel gains, MTOs,
and MCFOs are estimated at the receiver using the known
and linearly independent TSs transmitted from the relays. The
proposed receiver design and system model at the destination
during the TP and the DTP is outlined in the following two
subsections.

1) Training Model at Destination: During the TP,
the sampled received signal vector at the destination,
y[TPI 2 [[TPl(q ) ...... ,TPI(LN — 1)), is given by

JITP) Z GhAFIGEY (b oY) +w, @
k=1

where
fr denotes the unknown channel gain from the £th relay
to the destination, which changes from frame to frame fol-
lowing the distribution f ~ CA(0,0%),

. =1/ \/ o, + 02, satisfies the kth relay’s power con-
stralnt,

. A[rd] 2 diag([e j2mul (())/N ) F,jzw[“”(LVA)/ND

is
an LN x LN matrix, I/k denotes the normalized unknown
frequency offset from the kth relay to the destination,

- [G rd]],n = grro(iTs — 0T — T,E d}T) isan LN x L
matrix, Tk, denotes the normalized fractional unknown
timing offset between the kth relay and destination, and

w2 [w(0),...,w(LN — 1)]T and w(i)V i, denotes the
zero-mean complex AWGN at the ith sample of the re-
ceived signal, i.e., w(i) ~ CN(0,02).

Substituting (1) into (4), y!TT! can be written as
K K
Y =3 A G e + 3 gAY G v+ w, (5)
k=1 k=1

where py = XETP] ® tgjd], Vi 2 ng ® tg:d], o £ Cr frhi and
By 2 Cufw. The general model in (5) can be written compactly
in matrix form as

yTPl = ZAp + EBv + w. (6)

where
«cE £ r‘ ..... .Bg] is an LN x LK matrix,
=, 2 I(I]G[ld] is the LN x L matrix of the kth

[rd]

relay’s frequency offset, v}, Lrd]

, and timing offset, 7,
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« A 2 diag(a, ..., ax)®I; isthe LK x LK matrix of the

overall channel gains from source-to-relays-to-destination,

« B £ diag(fs,...,8x) ® Ip, is the LK x LK matrix of

relay-to-destination channels,

«p2pf... .. pE|T,andv £ [vT,... vE|T.

Using the training received signal, y[*F!, and known TSs,
tls:] and ¢"), v &, the unknown parameters a. 71" and v,
Vk, can be Jomtly estimated at the destination (see Section IV)

2) Data Transmission Model at Destination: During the
DTP, the sampled received signal at the destination receiver,
yPTPL 2 [yIPTPI(1), ... y[PTPHLN — 1)]7, is given by

K
=3 mAlel bl 4w, )
k=1

y[DTP]

where €2, is the predefined . x L. STBC matrix at the kth relay.
Substituting (3) into (7), the signal model in (7) can be written
in matrix form as

yPTFl = 2A0xPTF + EBOn + w, ®)

where € 2 diag(Q4,...,Qx), x[PTP =
DTP DTP

(=PTNT L (xPTPHTIT and n 2 [07,...,nT)T. The

estimates obtained during the TP are used to des1gn matrix,
Q, which is used to compensate the effect of multiple channel
gains, MTOs, and MCFOs and enable the detection of signals
from relays at the destination (see Section V).

Note that unlike [10], the proposed processing structure at the
relays in Fig. 2 is not based on the assumption of perfect timing
and frequency offset estimation and perfect matched filtering at
the relays [27]. More importantly, the authors in [10] did not
consider the presence of MCFOs in their system.

III. CRAMER-RAO LOWER BOUNDS

In this section, Fisher information matrix (FIM) and CRLBs
for joint estimation of multiple channel gains, MTOs, and
MCFOs for AF-DSTBC cooperative systems are derived in
closed-form.

Based on the assumptions in Section II, the AWGN at
the relays, uy, Yk, and destination, w in (4), are mutually
independent. Accordingly, the received training signal at the
destination, yT'! in (6), is a circularly symmetric complex
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Gaussian random variable, y[TP] ~ CN(IIIy[TP] s iy [TP] ), with
mean fe,(re) and covariance matrix X, re) that are given by
(see Appendix A)
K
Hy (TP = Z o Bt = BAL,
k=1
Sore = BAS, AMER +

and

(9a)

EBX BI=Y 1+ 3,

(9b)
= [t Lo tEIT
¥, = [E{nnH}®
T and A, B, and

respectively. In (9), tk £ (tFl o t ) t =
w2 oIy, By 2E{(p—t)(p - t)H}
tldl (glralyH t[rd] 2@ [rd]) m.’(t%_d])T]
= are defined below (6).

The first step in determining the FIM is to formulate the
parameter vector of interest. The destination node must esti-
mate the MTOs and MCFOs from the relays to the destination,

il &[5 [“l]. o I[éd]} and v £ [v [Id]., ceey VE?I]]T, re-
spectively, and the overall channel gains from source to relays
to destination, @ = [1, ..., ax]T. As a result, the parameter

vector of interest, A, is given by
T 7T
A2 {?R{a}T e}, (v (r0) }

Note that B in (6) does not need to be estimated since it only
scales the AWGN forwarded from the relays.

Theorem 1: Based on the proposed AF-DSTBC relaying
scheme, the FIM for the estimation of A is given by (11), shown
at the bottom of the page, where

(10)

- T2 [B1t1,...,Bxtg]isan LN x K matrix,
-T2 [A1(G[rd])'t1,----AI\(GE{»d])’tK] isan LN x K
matrix,

. (G[rd])/ & ‘;Grd] Yk, isan LN x L matrix,

« D =21x d1dg{0 1,2,....,LN — 1} isan LN x LN
matrlx

« A2 diag{oy,....ax} isa K x K matrix,

e I is a 4K x 4K matrlx such that [II],,» =

TI'{E;[]&‘])] E;[TP] .7nEy El [1P] } for m,m =
1,...,4K,
* X 1 isan LN x LN matrix that is defined at the

bo){tonf%f the page,

m{ ek, w)
23 {wis }, v}

~as etz vl
o {wis L, v}

_og {\IJHE;[lTP]D\IJA}
2w { @iz L, DAL

2R {xI:Hz;[lTP]rA}
23 { @y i, T A

F= +11,
25 {A"wHDE 1, v} 20 {ATeHDE L, 9] 2w {A7eHDy L, DwA} 26 {a%wiDS ), T4}
y y y y
o {ATris s, el —os{AMTs L, e —2 (AT s L, DeA)  2m{ATTHE L rA)
(11)
E;[TP],m
EU,, S, APE + EAS, U 7, m=1,...,K
JEU., S, ATET _ jEAS, Ul =H m=K+1,... 2K
20U AS,APER L BAS AY UH #a +Uypa BE,BFEF LEBE,BAUA, | m=2K+1,. 3K
m—2K Vo ok Vi—2K Vo ok
U g AS,ATET 4 ZAW AHUHrd +U_q BY,B7EY + EBX BHUHrd m=3K +1,... 4K
m—3K T 3K Tm—3K T —3K
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Uﬂk = dldg(OLxL(k 1) IL OLXL(K k)) isan L. x LK
matrix, and U ;

and U_ [r] [OL\/XL(k 1 A[ (G rd])/ OrnxL(K—k)]
are LN x LK matrices.
Proof: See Appendix A.

Combining the real and imaginary parts of the channel, the new

20y ><L(}.71) y JDER, Op N x (K k)]

set of parameters, A = [a”, (b7 (7FNTIT s given by
B { I A Oxxrx Oxxk
A= Ix

= | Oxxrx Orxxx
LOR'XR' Orxx

“

Oxxx | A (12)
Okxx Ik J

e
The CRLB matrix, C, for the complex-valued estimation

vector, X is evaluated as C = MF ~'M¥ | and can be written
in block matrix form as

Coa Cavy[rd] Ca’f;—[rd]
C=|Cuag Cuapra Cyragra |,  (13)
Cira o C i) wixdl Ciral Tl

where Co qr; Crira) 71 @and Cpea) yiva) are K x K matrices
and the CRLB:s for the estimation of the parameters a, 7*%], and
v are given by the diagonal elements of Co o, Coira) 7ix)
and C [+a] plea], TESpECtively.

Remark ] Equatlon (11) shows that the FIM for the esti-
mation of A is not block diagonal. Thus, there exists coupling
between the estimation errors of channel gains, MTOs, and
MCFOs, i.e., the estimation performance of one parameter is
affected by the presence of the remaining parameters. This
shows the importance of jointly estimating channel gains,
MTOs, and MCFOs in AF-DSTBC relaying cooperative sys-
tems. More importantly, this result indicates that the previously
proposed methods that assume perfect timing or frequency
synchronization while estimating MCFOs and MTOs in [20]
and [10], respectively, cannot be applied to jointly estimate
and compensate these impairments in AF-DSTBC relaying
cooperative networks. This finding is also corroborated by
the simulation results in Section VI-B, where it is shown that
application of the algorithms in [10], [20] cannot achieve
synchronization in the presence of both MTOs and MCFOs in
AF-DSTBC cooperative networks.

IV. JOINT PARAMETER ESTIMATION AT THE DESTINATION

In this section, the LS estimator for joint estimation of
multiple channel gains, MTOs and MCFOs is derived. Sub-
sequently, it is shown that using DE, the computational
complexity for obtaining these impairments in DSTBC-AF
relaying networks can be significantly reduced.

A. LS Estimation
Based on the signal model in (6), the LS estimates of the

parameters, o, lrd] ,and plrd] , can be determined by minimizing
the cost function, Jp, 7ixd) pieal , according to

- Hy[TP] _ [A[fd]G[fd] ..... Abdg “‘]} AtH

(14)
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Given 7' and »I"1] | it is straightforward to show that the LS
estimate of «, denoted by &, can be determined as

a= (@) tgHylTthl (15)
Substitutin S 15) in (14), the estimates of MTOs and MCFOs,
#89 and 29 respectively, are obtained via

#xd] 7 plrl

min

= arg
& Flrd] plxd]

H
_ (y[TP}) 1 (‘I’H‘I’)—l ‘I’Hy[TP], (16)

o

éX(T[rd1 7y[rdJ)

where arg min denotes the arguments, 7Y and 'Y, that min-
imize the expression x (70", »[*4) and y[T*], defined in (6), is
a function of timing and frequency offset estimation errors from
the source-to-relay link. The channel estimates, @, are obtained
by substituting 7Y and #I"Y back into (15).

The minimization in (16) requires a multidimensional ex-
haustive search over the discretized set of possible timing and
frequency offset values, which is inherently very computation-
ally complex. Furthermore, to reach the CRLB (see Fig. 5 in
Section VI), the exhaustive search in (16) needs to be carried
out with very high resolution2, which significantly increases the
sets of possible values for both frequency and timing offsets,
v and 'r["d], respectively, and in turn, further increases the
complexity of the proposed LS estimator.

Note that in order to reduce the complexity associated with
the exhaustive search in (16), alternating projection (AP) has
been used to transform the multidimensional minimization
problem into a series of one-dimensional optimizations that are
carried out sequentially [28]. However, in our extensive simu-
lations we have observed that AP does not converge to the true
estimates. This may be attributed to the source-to-relay timing
and frequency offset estimation errors, which are not known at
the destination and significantly affect the initialization of AP.
Therefore, in this paper differential evolution (DE) is employed
as a computationally efficient algorithm to carry out the mini-
mization in (16) [23]. The initialization and parameterization
of the proposed DE estimator are outlined below.

B. Differential Evolution Based Estimation

DE and genetic algorithms are considered as a subclass of
evolutionary algorithms since they attempt to evolve the solu-
tion for a problem through recombination, mutation, and sur-
vival of the fittest. More specifically, DE is an optimization al-
gorithm, where a number of parameter vectors are generated and
updated at each iteration in order to reach the solution [23]. Let
d,ford =1,..., Dy, denote the number of iterations3. The de-
tailed steps of the proposed DE algorithm for carrying out the
minimization in (16) are as follows:

Step 1) Initialization: A population comprising
of Dp  target vectors is  generated.

The first iteration’s fth  target  vector,

0 2 [rd] Lrdl o Ted] rdl Ik

61 = Tie1rTKe1 Y1010 - Yreal »

for/ = 1,..., Dp, is generated by selecting zx,E‘;l]l

and T,Er;lll, ¥k, ¢, uniformly and randomly from the

2Step sizes of 1072 and 10~* for MTOs and MCFOs, respectively.

3Also called “generation” in DE terminology.
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set of possible values for frequency and timing off-
sets, respectively, i.e. 1/,& c}]l, TIEI;HI ~U(-0.5,0.5),
Y k, £. Subsequently, at cach iteration, the D p target
vectors in the population are updated according to
Steps 2—4 below.

Step 2) Mutation: At the dth iteration for each individual
target vector, 8, 4, three distinct and different target
vectors denoted by 8,1 4, 8,24, and 8,5 4, are ran-
domly selected from the population. Subsequently, a
mutant vector corresponding to the £th target vector
and dth iteration, @, 4 = [@1.0.d,- -, @WK 0.d]" 1S
created via

—0.34) Dr, amn

where Dy is a real positive scaling factor that con-
trols the rate at which the population evolves.

Crossover: In this step, the DE employs a uniform
crossover between each target vector, 8, 4, and the
mutant vector, wy 4, to create a trial vector, ’l’g_’d =

weg =010+ (0r24

Step 3)

(9105, P21 0.4)", such that
P _ wq,/ﬁ,d-, [ S DR _
Paa = { 8,64, Otherwise’ g=1,...,2K (18)

where ¢ ~ U(0,1) and the crossover probability,
Dr € [0,1] controls the fraction of parameter
values that are copied from the mutant vector, @, 4,
to the trial vector, 9; 4, V £.

Step 4) Selection: If compared to the £th target vector, 8 4,
the £th trial vector, ¥ 4, results in a smaller objective
function, y, in (16), it replaces the target vector in
the next iteration, i.e.,

0 Jea, x(0eq) < x(0eq)
bd+l = 0é.d~,

otherwise.

Step 5) Stopping Criteria: There are various stopping cri-
teria for the DE. However, our extensive simulations
show that to reach the CRLB and obtain accurate
estimates for different channel realizations, the al-
gorithm can be terminated if the target vector that
results in the lowest objective function, ¥, i.e., the
estimates of timing and frequency offsets, remains
unchanged for a predefined number, ¢, of consecu-
tive iterations.

By executing Steps 1-5 above, the estimates of timing and fre-
quency offsets, 714l and respectively, can be obtained.
Substituting these estimates in (15) also generates the desired
channel estimates. The performance and convergence of the
proposed DE algorithm to the true estimates is highly depen-
dent on the values of the DE parameters, e.g., the population
size Dp, the scaling factor Dy, the crossover probability Dg,
and the stopping criteria ¢. As a matter of fact, each unique op-
timization problem requires the DE parameters to be initialized
differently [23], where finding the appropriate values for these
parameters can be a difficult and a non-trivial task [29]. How-
ever, by applying the results in Section III and by following the
general guidelines in [23], [29], we are able to determine an ap-
propriate parameterization for the DE algorithm.

Note that Dp is typically selected to be 10 times the dimen-
sion of the target vector. Since, we are solving a 2K -dimen-

(19)
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sional minimization problem in (16), we set Dp = 20K. Dp
is generally selected between 0.5 and 1.0 and extensive simula-
tions in Section VI-A show that D = (.85 results in the fastest
convergence while maintaining estimation performance close to
that of the CRLB. Moreover, from the FIM in Section III, we
know that the estimation of parameters of vector, A, is mutually
coupled. As a result, Dp is set to Dg = 0.9 [23]. Finally, in
order to reach the CRLB, the stopping criteria is set to ¢ = 80.

In DE terminology, the above procedure can be classified as
“DE-rand”, since to obtain the mutant vector, @y 4, the target
vector, 8,1 4 in (17), is randomly selected from the population.
In another variant of the DE, denoted by “DE-best”, at each it-
eration, the target vector that minimizes the objective function,
X, is selected as @, 4 in (17). However, in our problem formu-
lation, “DE-best” does not always converge to the true values
of timing and frequency offsets.# Similar findings are also ob-
served in [23], where it is shown that “DE-rand” is more effec-
tive at reaching the global solution than “DE-best” for different
optimization problems ([23], p. 154).

Remark 2: Even though the general conditions for global
convergence of evolutionary algorithms are established in [30],
it cannot be analytically shown that DE meets these conditions
[31] and converges to the global solution of (16). Moreover, in
[30], no specific algorithm that meets these conditions is pro-
posed. Although in [31], a variation of DE is proposed, it is in-
dicated in [49] that this new approach also does not guarantee
the global convergence of the DE algorithm. Nevertheless, by
appropriately selecting the DE parameters, in our extensive sim-
ulations, we have observed the proposed DE estimator to always
converge to the true values of timing and frequency offsets as
described in Sections IV-C and VI-A.

In order to compare the performance of the proposed esti-
mators against the CRLB, it needs to be shown that they are
unbiased estimators. Moreover, as shown in Section V, the
statistical properties of estimates can be used to design the
destination receiver such that it is more robust to the MTO,
MCFO, and multiple channel estimation errors. Even though
it is difficult to analytically determine the statistics of the
estimates obtained using the proposed LS and DE estimators,
we numerically found through simulations that the proposed
estimators are unbiased and their second order statistics can be
accurately approximated by the CRLB derived in Section III,
i.e., expected value of channel estimation errors, 8, = @ — @,
timing offset estimation errors, &, ) = T[rd] — 'i'["d}, and
frequency offset estimation errors, §,a = plrdl — f/[rd],
is Oxx; and they can be modeled as a multi-variate
Gaussian distribution, i.e., §,pa) ~ N(O0xx1, Crral qival ),
6 [rd] -/v(Ols x1s C [ed] glrd] ), and 60: ~ C./\/'(Ole, Ca’a),
where C_jzq vl C [ldh vir), and G, ¢ are given in (13).

C. Complexity Analysis

In this subsection, the computational complexities of the LS
and the DE based estimation techniques are presented. Compu-
tational complexity is defined as the number of additions plus
multiplications [6]. In addition, comparing two values or gen-
erating a random number is considered as a single arithmetic
operation.

4This is observed through extensive simulations, which are not included here
due to space limitation.
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The computational complexity of the LS algorithm, denoted
by CLs is calculated as given by (20) at the bottom of the page,
where . and #, denote the step sizes or resolutions for timing
and frequency offsets, respectively, in the exhaustive search in
(16) and C,, = 2K3 + (4LN — 1)K? 4+ (LN — 1)K is the
complexity for obtaining & via (15).

The computational complexity of the proposed DE algorithm,
denoted by Cpr is calculated as

Cpe = D;{ 6DpK +4DpK + Dp(C, + 1)
—_——— N ——

(17) (18) (19)

+ Dp(Cy +1)
— —

stopping criteria

+Co, (21

where D; is the total number of iterations required for the DE
to converge and C, = 2K® + (4LN — 1)K? + (2(LN)? —
LN)K + (LN)? + LN — 1 is the computational complexity
to evaluate the objective function x in (16). Note that exten-
sive simulations demonstrate that the proposed DE algorithm
on average converges to the true estimates after approximately
Dy = 220 and D; = 530 iterations for K = 2 and K = 4,
respectively, for a wide range of SNRs.

Remark 3: By evaluating Cpg and Cpg in (20) and (21), it is
observed that impairment estimation using the DE is 5.6 x 107
and 1.2 x 10'° times more computationally efficient compared
to the proposed LS algorithm, for K = 2 and K = 4 re-
lays, respectively. Note that this comparison is carried out by
evaluating the LS estimates using exhaustive search in (16) and
by setting L = 80, k., = 1072, k, = 107% Dp = 20K,
Dr = 0.9, Dp = 0.85, and D; = 220 and 530 for K = 2
and K = 4, respectively. These values are selected to ensure
that both estimators reach the CRLB over a wide range of SNR
values. This comparison serves to illustrate the significantly
lower complexity of the proposed DE based estimator.

V. COMPENSATION ALGORITHMS AT THE DESTINATION

The received signal at the destination, y'PTF1 in (7), is the su-
perposition of the relays’ transmitted signals that are attenuated
differently, are no longer aligned with each other in time, and are
experiencing phase rotations at different rates due to different
channels, MTOs, and MCFOs, respectively. In this section, we
derive the MMSE and the low complexity MMSE (L-MMSE)
receivers to compensate the effect of these impairments.

A. MMSE Compensation Design

The goal of the compensation algorithm is to design an L X
LN matrix, Q, as shown in Fig. 3, which is applied to the re-
ceived signal, y[?TP, to remove the effect of MTOs, MCFOs,
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and multiple channels. The MMSE compensation matrix, Q, is
given by minimizing the cost function 75 below

2
_ [DTP]
Ts = [Eﬁaﬁ,,[rd] 76T[rd] 76,[51-] ¢6u[s.~];u,W:S {HQY SH } ’
(22)

where s is defined below (2), and the expectation in (22) is taken
with respect to the statistics of the estimation errors §, i) =
el g =l BT s = o — 6 6 ), and 8,
and s, u, and w. Furthermore, to meet the power constraints at
the destination, it is assumed that Tr{Es{ss®}} < L.

Assuming that the estimators used to obtain these syn-
chronization and channel impairments are unbiased and
asymptotically optimal, i.e., reach the CRLB for high SNR
or very large number of observation symbols, the estimation
errors, 84, Opfr); Oyfr), Opiray, and 6,:q), can be modeled by
0o ~ CN(0gx1,Caa): 8,0 ~ N(Ogx1,Crin rin),
8,1 ~ N(Ox x1, Cparl pont); 8p1va) ~ N(Ok 15 Cra) et )
and é,.a1 ~ N(Ogx1.Cyral yra), respectively, [32]. Note
that Co oy Crira) g1var, and Cypeay yieay, are given in (13), and
C el 7o and C,;[Et-] i can be determined from the results in
[33]. In the following, knowledge of the statistics of the esti-
mation errors for channels and synchronization parameters are
applied to design a compensation algorithm at the destination
receiver that is robust to imperfect channel and synchronization
parameter estimation.

Theorem 2: The average MSE of the recovered data with
respect to the source signal, 7, is given by

J. = T {QEREFQ" + Q2. Q"
+ @, - QEAQP, wrr
,qi,f“nﬂ’SQHAHEHQH}

+0p (Uf_[sr]) +0p (Uf.[rd]) ; (23)
k &
where
© B 2 B _sl yra_pen is an LN x LK matrix,
& e, = [Ps,...,P]7 is an LK x L matrix,
’ N———
K
QS = IL’ ~ N
c R = AQP o Q7AT 4 (Caqg © Ip) ©

(Q®, e Q7)) + BQZ,QFBH is an LK x LK
matrix,

« A 2 diag(@) ® I is an LK x LK matrix, Cg g =
Caalog is a K x K matrix, '

o P e = 1y ® P is an LK x LK matrix,

e X, is the LK x LK covariance matrix of the matched
filtered noise at the relays, m, with its k&th L x L
block diagonal matrix, [Xn]r—1)L:kL.(k—1)L:kL, giVeN

by [Sale-nrkr-nrar = gfr]E k(gfr])H7

1 K ‘
CLs = ( ) [2K° + (ALN — 1)K* + (2(LN)® = LN)K + (LN)> + LN — 1] +C,,
KRRy

(20)

polrdl

,’i'[rd] in (16)
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1s an L x LN matrix, and

sl
Gy 1o

R N
A k
Euk = O’m IL\/ . and
* Op(+) denotes the big omicron function for stochastic pa-
rameters [34].
Proof: See Appendix B.
Proposition 1: Using (23), the MMSE compensation matrix,

QMMSE] 'is given by
o o -1
Q[MMSE] _ ‘I’f[mp] SQHAHEH (EREH + Ew> , (24)

where R, @, o) g, A, and E are defined below (23), and ©2
and X, are deﬁned below (8) and (9), respectively.

Proof: Equation (24) follows from Theorem 1 by taking
the derivative of 75 in (23) with respect to Q, setting the results
to zero, and carrying out straightforward algebraic manipula-
tions.

Remark 4: Evaluation of the MMSE compensation matrix,
QIMMSE] requires knowledge of the overall channel gains, é,
relay to destination timing and frequency offsets, #14 and o4,
respectively, relay to destination channel %alns B, and source to
relay timing offsets, 71%) £ [“] , at the destination.
Even though, &, #lrdl , and I/[rd] can be Jomtly estimated via the
estimators proposed in Section IV and are known at the destina-
tion, 8 and 71°"! are not known at the destination. Thus, the pro-
posed compensation algorithm requires the relays to feed for-
ward the estimates of source to relay timing offsets and channel
gains, 7',[ "l and b, respectively, to the destination. Note that
using hk, an estimate of relay to destination channels, /3k, can
be obtained according to Bk = Z’

Remark 5: According to the tesults in Appendix B, it can
be concluded that due to the presence of channel, timing,
and frequency offset estimation errors, QIMMSEl is not the
optimal MMSE compensation matrix at the destination. How-
ever, one can derive this optimal MMSE matrix by assuming
perfect knowledge of channels, timing, and frequency off-
sets from source to relays and relays to destination, i.e.,
6a = 6T[rd] = 6,,[rd] = 6T[,<r] = (5,,[=,-] =0gx1.

Proposition 2: Based on the assumption of perfect synchro-
nization and channel estimation, the optimal MMSE compensa-
tion matrix, Q/°PT]  can be determined as

Q[OPT}
-1
=0, QFATER (BROTTIZA 4 3,) L (25)
where RIOTT] = AQ®_ pre QTAY + BQX, QYBH.
Proof: By assuming 84 = 6,44 = 8] = Sppe =

é,:n = O x1 in (22) and carrying out the steps in Appendix B,
the result in (25) follows.

Even though the proposed optimal compensation approach
has limited practical applications, it can be used to benchmark
the performance of DSTBC-AF cooperative networks. As a
matter of fact, QI°FT] is applied in Section VI-B to determine
a lower bound on the BER performance of DSTBC-AF cooper-
ative networks in the presence of channel and synchronization
impairments.

B. L-MMSE Compensation Design

In order to reduce synchronization overhead, in this subsec-
tion, a low complexity approach that does not require relays to
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feed forward synchronization and channel estimates to the des-
tination is proposed.

The compensation matrix in (24) is a function of
the source to relay channels and timing offsets since the matrix
R defined below (23) is a function of B and X¥,,, respectively.
However, over a large number of channel realizations, the
second order channel statistics can be used to approximate
source to relay channel gains on average. As a result, B in (24)
can be replaced by Bl —MMSE] ~ diag(o (i, ..., 0pCk) Q1.
Moreover, the dependence on timing offset estimates from
source to relay can be eliminated by approximating the block
diagonal matrix X,,, defined below (23), with the diagonal
matrix ELL ~MMSEL With its kth diagonal block given by
[EH_‘il\/H\’ISE]](k.,l)L:k.[M(k,l)L:k,L = (T,gkIL at hlgh SNR. The
latter follows from the definition of X, and extensive simula-
tions that show that the off-diagonal elements of ¥,, that are
dependent on source to relay timing offsets vanish much more
quickly compared to its diagonal elements as SNR increases.
Using the above approximations and (24), a low complexity
compensation matrix, Q™ MMSEl for mitigating the effect of
impairments can be found as

QIMMSE]

Q[L MMSE] _ <I>HDTP] QfAfgH
" (ER[hMl\qSE]EH + gw) - ;. (20)

where
RIL—MMSE]

= AQ®, e Q7AT + (Ch g ®11) O (B, 0re QF)
+ B[L7MMSE]QE[LfM_\’ISE]QH(B[L MMSE])

Simulation results in Section VI-B show that the BER perfor-
mance of a multi-relay DSTBC-AF cooperative network using
the proposed L-MMSE approach in (26) is very close to that of
the MMSE receiver in (24) over a wide range of SNRs. This re-
sult indicates that the approximations used to arrive at (26) hold
for practical scenarios of interest. Thus, the proposed L-MMSE
approach can be effectively applied to compensate the effect of
MTOs, MCFOs, and channels in DSTBC-AF cooperative net-
works, while significantly reducing synchronization overhead.

VI. SIMULATION RESULTS

In this section, we investigate the receiver performance at the
destination, where multiple channel gains, MTOs, and MCFOs
are jointly estimated and compensated in order to decode the
received signal. In our simulation setup, we consider X = 2
and 4 relays in DSTBC-AF cooperative systems. Quadrature
phase-shift keying modulation is employed for data transmis-
sion. Length of the training signals, t[**) and tgjd]., ¥k, are set
to L = 80 symbols during the TP and length of the source data
vector s, is set to L = 400 symbols during the DTP, resulting
in a synchronization overhead of 16%. Oversampling factor is
set to N = 2 and a root-raised cosine filter with a roll-off
factor of 0.22 is employed. At each relay, the DSTBC is gen-
erated randomly based on an isotropic distribution on the space
of L x L unitary matrices, which is a benchmark method for
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Fig. 4. (a) CRLB and MSE performance of MCFOs’ estimation for DE based
algorithm with different parameter settings, as a function of SNR (dB). (b)
Number of generations (iterations) required for the convergence of DE algo-
rithm with different parameter settings.

generating DSTBC in AF cooperative networks [7]. The propa-
gation loss is modeled as 1y = (¢/e¢) ", where ¢ is the distance
between transmitter and receiver, &g is the reference distance,
and p is the path loss exponent [26]. We set ¢ = 1 km, and
p = 2.7, which corresponds to an urban area cellular network
[26]. The timing and frequency offsets at relays and destination,
75l 7 lrdl ] and plrdl are uniformly drawn from the full ac-
quisition range, (—0.5,0.5). Without loss of generality, it is as-
sumed that the AWGN at all relays has the same variance, i.c.,
02 =02 =.-- =02 andol = o2 = 1/SNR. The MSE
performance of the proposed estimators and the end-to-end BER
of DSTBC-AF cooperative networks using the proposed com-
pensation algorithms are detailed below.
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Fig. 5. CRLBs in (13) and MSE for the estimation of (a) channel gains, (b)
MTOs, and (c¢) MCFOs as a function of SNR (dB).

A. MSE Performance

Following the approach in [6], [20], [24], [25] and
for ease of reproducing the CRLBs and MSE curves
in Figs. 4 and 5, specific channels are used. For K =
2, h = [279 — .9603j,.8837 + .46815]7 and f =
[.7820 + .62337,.9474 — .32034]7 and for K = 4, h =
[.279 — 96037, 8837 4 46817, —.343 +.732i, —.734 — 451i]T
and f = [.7820 + .6233y4,.9474 — .32037, —.2413 4 .7241,
5141 — .893i]T. Note that in the next subsection, we em-
ploy random Rayleigh fading channels for analyzing the
end-to-end BER performance of the overall system. As stated
in Section IV-C and to reach the CRLB, the step sizes, «, and
., for the exhaustive search in (16) for the LS estimator are
set to 102 and 10 %, respectively. Without loss of generality,
the CRLBs and the MSE estimation performance for the first
relay node is presented only, where similar results are observed
for the other relays.

Fig. 4(a) shows the MSE of frequency offset estimation’ as a
function of the DE parameters: the crossover probability, D,
and the scaling factor, Dp. It is shown that the lowest MSE is
achieved for Dy = 0.85 and Dp = 0.9. Fig. 4(b) shows the
number of iterations required for the convergence of the DE al-
gorithm for different Dy and D values. It can be seen that the
DE algorithm converges more quickly as Dp increases from
0.1 to 0.9. As a matter of fact, Fig. 4(b) demonstrates that the
proposed DE algorithm converges with the fewest number of it-
erations when Dy = 0.25 and Dgr = 0.9. However, as shown
in Fig. 4(a), this fast convergence comes at the cost of MSE
performance. The results in Figs. 4(a) and (b) demonstrate that
the proposed DE algorithm provides an effective trade-off be-
tween synchronization performance and complexity that can be

SSimilar results can be obtained for timing offset estimation, however, are not
included here due to lack of space.
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Fig. 6. BER of ZF, L-MMSE, MMSE, and optimal receivers for 4-relay
AF-DSTBC cooperative systems.

used to meet the performance requirements of cooperative com-
munication systems. In this scenario, faster convergence can be
achieved by selecting a smaller value for D, e.g., D = 0.25,
while compromising estimation accuracy. In order to achieve
the best estimation accuracy, in the remainder of this section,
we set Dy = 0.85 and D = 0.9.

Figs. 5(a), (b), and (c) show the CRLBs and the MSEs for the
estimation of channel gains, MTOs, and MCFOs for different
SNRs and K = 2 and 4 relays. Fig. 5 shows that the CRLBs
and the MSEs for a 2-relay DSTBC-AF cooperative network
are lower compared to that of a network equipped with 4 relays.
This is because as the number of relays increases, more parame-
ters need to be jointly estimated at the destination and the effect
of amplified and forwarded AWGN from the relays is also more
prominent at the destination. Moreover, it is demonstrated that at
low SNR (SNR < 5 dB), the proposed estimators exhibit poor
performance due to the noise at the relays, which is amplified
and forwarded to the destination. However at moderate-to-high
SNRs (SNR > 5 dB), Fig. 5 shows that the MSEs of the pro-
posed LS and DE estimators are close to the CRLB. Note while
showing comparable estimation accuracy, the proposed DE al-
gorithm is significantly less complex than the LS estimator as
shown in Remark 3.

B. BER Performance

In this subsection the BER performance of a DSTBC-AF
cooperative system that employs the proposed DE estimator
and compensation algorithms is investigated. The channels from
source to relays and from relays to destination are modeled
as independent and identically distributed complex Gaussian
random variables with CA(0, 1).

Fig. 6 shows the end-to-end BER performance of a 4-relay
DSTBC-AF cooperative system, using the proposed MMSE,
L-MMSE, and optimal compensation algorithms in (24),
(26), and (25), respectively. The performances of the pro-
posed compensation algorithms are also compared to that
of the zero-forcing (ZF) receiver, which obtains an estimate
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Fig. 7. BER of the proposed L-MMSE receiver while using the DE-based es-
timator against the approaches in [10], [20], and [6].

of the transmitted signal via § = (X71)-1Ty[PTF
where ¥ £ 22‘:1 6,2, Q. For the MMSE, L-MMSE, and
ZF methods, the compensation matrices, QMMSE! in (24),
QIL-MMSE] iy (26), and Y defined above are evaluated using
the estimated values, &, #*%, and #I"¥), obtained in the training
period using the DE algorithm® while the optimal compen-
sation matrix QT™! in (25) is evaluated based on perfect
knowledge of channels and synchronization parameters. Fig. 6
shows that both the proposed MMSE and L-MMSE receivers
outperform the ZF receiver with a performance gain of 2 dB
or more at moderate-to-high SNRs. Furthermore, Fig. 6 shows
that the BER of a DSTBC-AF cooperative system based on
estimated impairments is close that of the ideal scenario with
perfect knowledge of impairments and optimal compensation
(a gap of 4-5 dBs). This result demonstrates the robustness of
the proposed transceiver designs to estimation errors. Finally,
Fig. 6 demonstrates that even though the proposed L-MMSE
receiver does not require relays to feed forward source to relay
parameter estimates to the destination, its BER is very close
to that of the MMSE receiver with a performance gap of only
0.1-0.3 dB.

Fig. 7 depicts the BER results for a cooperative system that
first employs the re-synchronization filter in [10] to compensate
MTOs and then attempts to remove MCFOs by employing
the algorithm in [20]. This plot, which is labeled as “ [10] &
[20]”, shows that such an approach fails to equalize the effect
of impairments at the destination since the re-synchronization
filter in [10] fails to compensate MTOs in the presence of
MCFOs. Subsequently, the algorithm in [20] fails to nullify
MCFOs, since the input signal is corrupted by MTOs. In
addition, even though Fig. 7 illustrates the BER performance
of a cooperative system applying the transceiver design in
[6] for 2 and 4 relays, it is important to consider that the
proposed DSTBC-AF transceiver design in this paper and
the scheme in [6] vastly differ. In [6], a less complex AF

Estimation using LS estimator results in similar BER performance as ob-
tained using the DE algorithm.
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transceiver design is used that does not allow for the appli-
cation of DSTBCs, and as a result, sacrifices spatial diversity
to achieve lower complexity. On the other hand, as shown in
Fig. 7, the DSTBC-AF transceiver design proposed in this
paper achieves full diversity gain at high SNR, while requiring
additional synchronization overhead at the relays to allow for
the application of DSTBCs.

Fig. 7 shows that at low SNR, the proposed algorithm exhibits
a higher BER performance compared to that of [6]. This follows
from the inherent relay transceiver structure for the DSTBC-AF
scheme proposed here, where the relays need to estimate and
compensate the effect of timing and frequency offsets before ap-
plying DSTBCs and forwarding their signals to the destination.
As a result, the forwarded signals from the relays are affected
by timing and frequency offset estimation errors that negatively
affect cooperative performance at the destination node. This
effect is particularly more prominent at low SNR, where the
timing and frequency offset estimation errors at the relays have
larger variances. On the other hand, the algorithm in [6] does
not apply a matched filter at each relay, cannot apply DSTBCs,
and does not require the relays to achieve carrier synchroniza-
tion before forwarding their signal to the destination. Hence, the
approach in [6] is not significantly influenced by the timing and
frequency offset estimation errors at the relays at low SNR. At
high SNR, the proposed algorithm exhibits large performance
gain compared to the results in [6], e.g., at SNRR = 30 dB, the
BER of the proposed algorithm is 4 x 1076 for K = 4 relays
while the BER of the algorithm in [6] is 5 x 1072, Moreover,
due to the application of DSTBCs in the proposed cooperative
system, the BER of a 4-relay system achieves a large diversity
gain over that of a 2-relay network while the algorithm in [6]
provides little to no spatial diversity gain as the number of re-
lays increases.

VII. CONCLUSION

This article introduces a novel DSTBC based AF relaying
cooperative network in the presence of MTOs, MCFOs, and
unknown channels. New CRLBs for the multi-parameter esti-
mation problem are derived and LS and DE based estimators
for joint estimation of multiple channel gains, MTOs, and
MCFOs are proposed. The convergence, parametrization, and
complexity of the proposed DE algorithm are analyzed and
it is empirically shown that the proposed DE estimator is
5.6 x 107 or 1.2 x 10" times more computationally efficient
than the proposed LS estimator when considering 2 or 4 relay
AF-DSTBC networks, respectively. Simulation results show
that the MSEs of the proposed estimators are close to the CRLB
at moderate-to-high SNRs (SNR > 5 dB). Finally, a novel
MMSE receiver is proposed to decode the received signal at the
destination by compensating for the effect of multiple channel
gains, MTOs and MCFOs. To reduce the overhead associated
with synchronization in AF-DSTBC networks, an L-MMSE
receiver is also proposed that does not require the relays to feed
forward any estimates to the destination. Simulations show that
the BER plots of the proposed MMSE and L-MMSE receivers
are only 0.1-0.3 dB apart while showing a performance gap
of 4-5 dB from the derived optimal MMSE receiver that has
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access to perfect knowledge of impairments. More impor-
tantly, these results demonstrate that the combination of the
proposed estimators and compensation algorithms ensures that
a multi-relay AF-DSTBC cooperative network may achieve
full spatial diversity in the presence of MTOs, MCFOs, and
multiple unknown channels.

Note that the results in this paper can be extended to the
case of frequency selective channels by considering OFDM
transmission. Similar to single carrier systems, MTOs and
MCFOs result in inter-symbol, inter-block, and inter-carrier
interferences in OFDM systems. As a matter of fact, joint com-
pensation of MCFOs and MTOs in DSTBC-AF cooperative
OFDM systems is still an open research area and is the subject
of future research.

APPENDIX A
DERIVATION OF FIM IN (11)

The elements of the 4K x 4K FIM are given by [32]

[Flom.m = 2§R{

H ;
aI"y[TP] 271 ()[lly[TP] }
TP]

a)‘m y[ a)\ﬁl,
9%, irp 0% irp
-1 -1
+Tr {Ey[m di ey aim } :
m,m=1,...,4K. (A.l)

The mean of the received signal in (6) during TP, p,(vey, is cal-
culated as

pyir) = E{EAp + EBv + w}
—E {EA (X[TPJ ® t[“ﬂ) L =B (n © t[“”)

+ w} (A.22)
—EA ([E {x[TP]} o t[fdl)
+EB ([E (n}® t[fdl)
+E{w} (A.2b)
= EAL, (A.2)
where x/TFl 2 [(x{"™)T  (xIPHTIT and xI s de-

fined below (2). (A.2b) follows from (A.2a) because a, B,

v and 79 are assumed to be deterministic parameters.
Furthermore, (A.2c) follows from (A.2b) since according to
the assumptions in Section II-A, timing and frequency offset
estimation errors from the source to the kth relay, 6 for and

6 ok respectively, are modeled as zero-mean Gaussian random

Varlables Consequently, A ]A ]\5 e -5 [m]: = Iz,

E{w} = Ornx1, E{n;} = G[M]ASI]E{uk} 0741, and

E{x ECTP]} = E{A, A (o 1}l = ¢l Finally t in (A.2c¢)
k

is definedas t £ [(¢))7, ..., (¢P)T)" ©tF. The LN x LN

-~

K
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received signal’s covariance matrix during TP, 3 re;, can be

determined as

b))

ylP)
=EAE {(p - )7} AT s
+EB ([E {nnf} @ ¢l (glet) ) BY ="
+E {ww'} (A.3a)
=EBEAX APER L EBE,BFEY 13, (A3b)
where £, = E{(p — t)(p — t)} and =, 2 E{nn?} ©

tldl(tdy# are LK x LK matrices, and By, = E{ww!} is
an LN x LN matrix.
The derivatives of gy (re; in (A.1) can be calculated as

Opyirey Opyirer .
OR{aer s T3 gy Sk
Ippy(re) fed] (ol
(‘—)TIErd] = ()ékAk (Gk ) tk,
(’)uym:] R —
[rd] :](lkD:ktk, (A4)
vy,
where (Ggfrd])’ = ZG - and D £ 27 x diag{0,1,2,...,LN —

1}. Moreover, the derlvatlve of X rrry in (A.1) with respect to
the parameters of interest is given by

OBy 1wy
15} %{(l&k}
+EAZ,UY 57
A Oy re
B a%{ak}
- JEAX, UL 2,
Ey[TP]
dl/[rd]
+EAZ,ATUT,
k

X el 2 =E2U,, T, Ag"
(A.52)
= jEUakEpAHEH

(A.5b)

[\
<~
>

=U AZ AYEH
Vi

+ Uy[rd] BEVBHEH
%

+ EBEVBHUﬁrd], (A.5¢)
k

>/ A Ey[TP]

A _ He=H
! el paare 2 =U AT, ATE

GTIErd]

+EAY, AHUHrd
+U_ s BX, BH”H

+ _BE BHUH,d], (A.5d)

where Uﬂ, = dldg(OLxL(kfl)aIL OLXL(K k)) isan LK x

LK matrix, and U, ) = 2 [0Lnwr(r 1) IDEk, Opnwr(x 1)
rd rd

and U a £ [OL’VXL(k 1) AFGEy, OrLNxL(K—k)| are

LN x LK matrices. After substltutlng (A4), (A.5a), and
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(A.5b) in (A.1), the upper triangular elements of FIM, for
k.,k=1,.... K, can be obtained as

Fir

— 2R {tkHEfE;[lTP]E,;t,;} + 10, ¢ (A.62)
Fiivr

— 23 {tfafz;ﬁm E,;t,;} I (A.6b)
Fk+K,fc+K

=20 {tkH:fE;[,lw]E,; L?} g ki (A.6¢)
Firtox

= 23 {tf' B L DEgtror | + Mg pon, (A6d)
Fk+K.7c+2K

- 25}3{ Tafs-L DE.];t,;aE} + T, heons (A6O)

Fk+21<,12:+21<
= Zm{(lktk E/ DX [11P DEE%%} + 1 ok ko
(A.61)

Fk,E+3K
— — rd rd !
= 2R {t{jdgzy[}rp]j&% ! (GE: ]) t,;,(l!fc}

+ 11, poak (A.62)

Fk+K,fc+3K
o~ — — rd rd]\’
=28 {tg:gzyéPJAE} ! (GE: ]) t,;,(l!fc}

+ I i psrs (A.6h)

Fk+2K,E+3K
- 2‘\?{(1 =Dz L, A (61 }
= ey =g ylmPI AL A B
+ 1L ok btk (A.61)
Fk+3K,E+3K

/ H H
— 2R {aZtE ((GE:(H) > (AL)

rd]

x 2;[1@] A%d] (G[z

!
) tw;;} Ty rare (AG)

where [I],,.m for m,m = 1,..., 4K are the ele-
ments of 4K x 4K matrix, II, such that Mm =
Tr{E 2’ (2p] ”LE 1TP E’ [1P] } Note that the lower
triangular elements of F can be eas11y obtained by simple
manipulation of (A.6a)—(A.6j) and are not included here for
brevity. Using (A.6a)—(A.6j), F can be determined as given
in (11).

APPENDIX B
DERIVATION OF J5 IN (23)

For notational brevity, let us denote x°™"!

this section. Substituting (8) in (22), we get

by x throughout

Js = [E6m5.,[rd1 O ) 6 (o) 0o a5
x{IQ(EAQx +EBOn +w) -5} . (B.D)
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Since, s, w and u are uncorrelated, (B.1) can be expanded as

=Tr {Q[E.sT[rd] Ol
* {EFs. {ARR.07AT 21} Q7
‘ = HpHeH "
+QE, 5 . {EBOZ.QTBTE"}Q
~QE; 5, {EEs, {AQD.})

- [Ear v 0, peal {Es., {(I)ZSQHAH} EH} QX

+®.+ Q. Q" |, (B.2)

where &, = E, b Axxf} =, =
e H

E, B {nn Is <I>xS = E, b {xs },

‘I>T— Es {ssH} and Xy
are calculated as follows.

£ En{wwH}. These expectatlons

1) Calculation of Es {AQPQHAHY and
Es {AQ2®4:}: Since o = a — @, the cha}mel ma-
trix A, given below (5), can be written as A = A + Aj,

where A 2 diag(é) ® I and Ay = diag(da) ® Iy
are LK x LK matrices. According to the assumption in
Section V, 8 is distributed as §o ~ CA(0x 1, Ca q). Thus,
Es, {AQ®, Q7 A} and Es, {AQ®P, .} are evaluated as

Es, {AQ®, Q7 AH)
=AQP,07A" + (Chq1L)
® (Q®, 01, (B.3a)
Es, {AQ®, } = AQ®, . (B.3b)

2) Calculation of ®; & P4: Let us assume that
the transmitted data symbols are uncorrelated such that
d, £ E.{ss”} = Ir. Furthermore, ®, is an LK x LK
correlation matrix, whose L. x L blocks are given by

[‘I’x](k—l)L+1:kL,(1’c—1)L+1:EL
_ . H
=Es 6.0 {A A Bl B Al AA%,.]}.,
k,k::l,...,K, (B.4)

Based on the assumption in Section V, &, ~
N(OB x1s C [sx] q[st] ), 5,,[54 ~ N(OKxh Cy[sr] Vst )
Thus, by applylng Taylor series expansion around their
means and by ignoring the second and higher order terms, the

non-linear terms A Al ) and A )5 which are functions of

6 o and (5 respectwely, can be written as
(0] [0] ’
0 0 2
AAE:r] = AAE:‘I] + (AAEP]> 61’1[:r] + Op (UVI[:I.]) 3

7
0 0 .
N (A[G b) b1 +0, (gfiﬂ]) . ®5)

k

o a2
05 AG[sr] = Ageals =0,

o] o MG[“] ,.
(A SI]) = |6 for] =0 (A ) = o o =00

Substltutmg (B. 5) into (B 4), we arrive at (B.6), where (B 6b)

where A 2 A
Ay

[sr] | =
Ak pr)
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follows from (B.6a) because the expectations in (B.6b) are
equal to 0, « 1, according to the distributions of 8,,) and &+ .

[(I)X](kfl)Lqu:kiL,(]::f1)L+1:I:7L

H H
&, (A[“Lr]> (A“’LJ)
Gy Ay

’
[0] [0]
+ [Eﬁ,,[sr] { (AAE-”]) 6”1[:r]AGE:r] <

[0] [0]
= AnBal

kk=1,....K, (B.6b)

3) Calculation of ®« ¢: Using (B.5) and (B.6), the L x L
blocks of the LK x LK matrix ®, are given by

[®xsl(k—1)r41:6,: = Eg B {AAE“AGE#I q)s}

~ Al A _
AA[S, AGE:,_] o, =&, (B.7)

4) Calculation of ¥,,: The L x L blocks of the LK x LK
matrix X, can be calculated as shown in (B.8),

[En](k—l)L+l-kL (E-1)L4+1:kL

_ I Y Y A
—[E‘sf[arh‘s,,[ {g" LY (Af» ) (g"‘ )
(B.8a)
2 [s1] o\ H -
= |E6 [sr] {gk Euk (gE ) } k = k
OrxL k+#k
kk=1,....K, (B.Sb)

where 3, = Jﬁk I~ and (B.8b) follows from (B.8a) since the
noise at different relays, uy, and ug, V & # k, are uncorrelated.

Note that QE: is a non-linear function of 7, A[“} AL 8t
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Thus, in order to evaluate (B.8b), the Taylor series expansion of

e

. 5[51]
the non-linear term G,, ~ around 7,; * is evaluated as

o (g[“) o+ Oy (af;ESI-])a (B.9)

where G} [sr]

[s] : ag
- gk | [“ l[:th (g[gr])l = d_r[sl] | ”'] ["]’ and

since the noise at the relays are uncorrelated, Eﬁn isan LK x LK
block diagonal matrix. Using (B.9) in (B.8), the L x L diagonal
matrices of X, are given by

(Enle—1r+1:0L,(— 1)L+1:kL

—gls,, g;r)

{(ot) sz (o) ")
N H

{g[k S, (g[er])) 5 o

+ 0, (f )

—glls, @54) +0, (ﬁtr])

~ gz, (6)"

+Es ..,
+Es_.

(B.10)

5) Calculation of E4 a1 B {EEs, {AQ®, QT AL EH)
and E i 8 {:BQE QHBH”H} Using similar steps

asin (B 5) (B 6) (B.9), and (B.10), the expectations over 8 .
and 8,4 in (B.2) can be approximated by

Es v 8. {BEs, {AQ®, QYA B

EEs, {AQ®Q7AFIEX 1+ O, (afw>

~ BEs, {AQ®,Q7AT) B (B.11a)
Es 16, ]{EBQEHQHBHEH}
= EBOQE, QBT 4 0, ( ]>
k
~ EBOX,Q7BYEH, (B.11b)
where & £ |,y _gia poa_pra and Eg, {AQS, Q7 AH}

is given in (B.3a).

By combining the results derived in (B.3), (B.6), (B.7),
(B.10), (B.11a), and (B.11b) in (B.2), the cost function in (23)
is obtained.
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