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Abstract—This paper deals with timing and frequency synchro-
nization in multi-relay cooperative networks operating with both
large and small carrier frequency offset (CFO) over frequency-
selective channels. A novel preamble based on constant amplitude
zero auto-correlation (CAZAC) sequence is proposed, and a
corresponding practical multistage scheme is presented. Joint
timing and integral frequency synchronization is involved to
resist multi-relay interference (MRI). Then, fractional f requency
estimation is carried out, and fine timing estimation completes
the synchronization scheme. The performance is evaluated in
terms of the mean square error (MSE). Simulation results show
that the method is robust under both flat-fading and multipath
fading channels, and provides accurate estimation resultsin the
presence of both large and small multiple CFO values.

I. Introduction

Collaborative communication systems have recently attract-
ed vast research attention due to their capability of increasing
data throughput and robustness to signal fading in wirelessnet-
works [1]. It has been pointed out that with proper cooperative
strategies, the same benefits of multiple-input-multiple-output
(MIMO) systems can be achieved in cooperative systems
with only one antenna at each node. However, much of the
research done in this area assume perfect synchronization in
the receiver, which is very difficult to achieve due to the spatial
distributed nature of relays.

The spatial separation of relay nodes give rise to multiple
timing offsets (MTOs) and different oscillator of each node
with Doppler shift results in multiple carrier frequency offsets
(MCFOs). The performance of relay network deteriorates
severely when the synchronization errors are large. Thus,
accurate estimation of MTOs and MCFOs is necessary to
the successful deployments of cooperative relay networks.
Joint estimation of MTOs, MCFOs is a very difficult problem
because the signals from different transmitters are overlapped
with each other at the destination. Moreover, the existing of
MTOs and MCFOs will destroy the orthogonality between
preambles or training sequences since these offsets are usually
unknown at the transmitters. As a result, multi-relay interfer-
ence (MRI) will occur at the destination which degrades the
performance of estimators.

Existing joint estimator of MTOs, MCFOs can be cate-
gorized into two principal classes: 1) maximum-likelihood
estimators (MLE) such as [2]–[4], where usually require
exhaustive search and perform poorly when the parameters are

close to one another; 2) correlation-based estimators (CBE),
where utilize the correlation between the received signal and
local sequences at the destination. However, the CBEs such
as [5], [6] suffer from an error floor, and perform very poorly
when normalized MCFOs are lager than 0.5. In [7] and [8],
iteration algorithms are combined with MLEs to eliminate
the MRI iteratively under flat-fading channels, however, these
algorithms have relatively high complexity, and cannot be used
in multipath channel since the complexity will be intolerable.

Notice that all of the aforementioned methods are based
on the assumption of flat-fading channels or small CFO
values (≤ 0.5). However, it has been pointed out in [7]
that the assumption of small CFO values might hold for
point-to-point MIMO systems, but it is not reasonable for
cooperative systems since the relays are spatial distributed
and have independent oscillators. To the authors’ knowledge,
few synchronization method can be used in the multi-relay
networks which in the presence of both large MCFOs and
frequency selective channels.

To solve this problem, an efficient scheme for time and
frequency synchronization over multipath channels is proposed
without the assumption of small MCFOs. First a novel pream-
ble utilizing CAZAC sequence is proposed. Taking advantage
of the preamble structure, a path timing searching period is
involved to reduce the complexity of the second stage. Then
joint timing and integral frequency estimation based on the
results of the first stage will be carried out to combat the
influence of MRI. Finally, fractional frequency and fine timing
synchronization will be carried out.

II. System Description

In this section, a model of cooperative relay system is
described and then the joint timing and frequency synchro-
nization method is introduced into cooperative relay networks.

A. System Model

A half-duplex multi-relay cooperative network adopting
decode-and-forward (DF) protocol with one source nodeS,
M relay nodesRk (k = 1, 2, · · · ,M), and a single destination
nodeD is considered in Fig. 1. Synchronization for cooperative
networks can be divided into two phases. In phase one, the
transmitter broadcasts symbols to the relay nodes. In the
second phase, each relay node transfer its distinct preamble



to D. Notice that synchronization in the first phase is similar
to single input single output (SISO) systems. Thus we assume
the offsets at each relay have been estimated and compensated
perfectly, so only the synchronization problem in the second
phase is considered here.
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Fig. 1. The system model for the cooperative network.

Training Signal Model at the Destination: The baseband
received training signal at the destination for a cooperative
network consisting ofM relay nodes is given by:

r(n) =
M
∑

k=1

rk(n) =
M
∑

k=1

L−1
∑

l=0

hk(l)tk(n− τk − l)e
− j2π fkn

N + w(n)

n = 0, · · ·,N − 1 (1)

where:

• N denotes the length of the peamble;
• τk is the unknown timing offset of thekth relay, normal-

ized by the sampling time period;
• fk is the CFO between thekth relay andD, normalized

by the subcarriers spacing;
• w(n) is the AWGN at the destination withCN

(

0, σ2
w

)

.

B. Joint Timing and Frequency Synchronization in Coopera-
tive Networks

In [9], the authors proposed a FFT-based joint timing and
frequency synchronization method for OFDM systems. The
basic idea of this method can be summarized as following:
The received signal is multiplied by the known preamble at
the destination. If it is a correct timing position, the output
of the multiplier will be a constant amplitude sequence with
linear shifting phase, which means a impulse will emerge at the
position of frequency offset in frequency domain; otherwise,
no impulse can be observed. Thus the joint estimation problem
is equivalent to the detection of impulses in frequency domain.
Using the same idea, we can derive the joint timing and
frequency synchronization method for cooperative networks.

To estimate the offsets of thekth relay, the received signal
is multiplied by the preambletk(n), and the result will be

Qk(d, fk) =
N−1
∑

n=0

r(d+ n, fk)t∗k(n)

=

M
∑

j=1

L−1
∑

l=0

N−1
∑

n=0

h j(l)t j(d+ n− τ j − l)e
− j2π f j n

N t∗k(n) + w(n)t∗k(n)

=

L−1
∑

l=0

N−1
∑

n=0

hk(l)tk(d+ n− τk − l)t∗k(n)e
− j2π fkn

N

+ MRI + w(n)t∗k(n),

(2)

wherer(d+ n, fk) denotes thenth sample of the received signal
vector at timed which is affected by the normalized CFO of
the kth relay fk. The second term in (2) is the MRI and it
is decided by the cross-correlation property between different
preambles. Whend ∈ [τk, τk−L+1], one channel path from the
kth relay will arrive at the destination at timed, thus the first
term in (2) can be divided into a coherent part and a random
part, i.e.

Qk(d, fk) = Ck(l = d− τk, fk) + Γk(l , d− τk, fk), (3)

where:

Ck(l = d− τk, fk) =
N−1
∑

n=0

hk(d− τk)|tk(n)|2e− j 2πn
N fk (4)

Γk =

N−1
∑

n=0

(
∑

l,d−τk

hk(l)tk(d+ n− l − τk)t∗k(n)e− j 2πn
N fk

+MRI + w(n)t∗k(n)). (5)

The coherent part can only occur when an channel path
is arrived, and an impulse can be observed in frequency
domain. Therefore, joint timing and frequency synchronization
is achieved when the coherent part is present, and a metric
Ik(d̂ch, f ) is defined as following to find the coherent part

Ik(d̂ch, f ) =

∣
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∣
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,

f = −N/2,−N/2+ 1, · · · , 0, 1, · · · ,N/2, (6)

which can be determined by FFT. Time pointd̂ch is chosen
from the timing checkpoints obtained in the first stage to
reduce the number of times of FFT which will be specified
later. If the maximum point ofIk(d̂ch, f ) exceeds the threshold
δFk, the f at the maximum point gives the coarse estimation
of CFO, andd̂ch corresponds to a strong channel path of the
kth relay ( d̂ch is fixed when calculatingIk(d̂ch, f ) with FFT).
The thresholdδFk is derived as:

δFk =

√

− ln(PFD/λF)2σ̂2
Fk (7)

where

σ̂Fk =
√

2/π(meanf

{

Ik(d̂ch, f )
}

), f , fk, (8)

λF is the search window used for coarse CFO estimation,
PFD is the false detection probability. By using the threshold
criterion, the proposed method is able to exclude timing
instants which do not correspond to a strong arriving channel
path and estimate the frequency offset of thekth relay.



III. ProposedMethod

In this section, a multistage scheme illustrated in Fig. 2
is proposed. The checkpoints are obtained by utilizing auto-
correlation in the first stage. Then these points will be usedas
the initialization of joint coarse timing and integer frequency
estimation. After that, fractional frequency estimation and fine
timing estimation will be carried out.
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Fig. 2. Block diagram of the proposed synchronization method.

A. Preamble Design and Path Timing Checkpoints Searching

Path timing checkpoints searching plays an important role
in the overall synchronization scheme over multipath fading
channels. With this period, the number of the times of FFT
in the next stage can be reduced significantly, since only the
checkpoints will be involved. The estimator must be immune
to large frequency offsets and produce only impulses that
correspond to the arrival of the preambles from the channel
paths. In [9] and [10], cross-correlation based methods are
utilized to obtain the path timing checkpoints. However, they
can not be directly used in cooperative relay systems, due to
the presence of MTOs and MCFOs, andM correlators will be
required at the destination.

In this subsection, we proposed a auto-correlation based
method to attain a coarse estimator that is immune to MCFOs.
An output of this estimator only indicates the arrival of a
channel path, without the consideration of which relay it
belongs to.

1) Preamble Structure:The preamble structure are re-
designed to resist large MCFOs, as shown in Fig. 3.
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Fig. 3. The proposed preamble structure.

Each preamble of lengthN consists of two parts with equal
length, and the second part is centrosymmetric and conjugate
with the first part. The preamble assigned to thekth relay
is tk(n), which satisfiestk(n) = t∗k(N − 1− n), n = 0, · · · ,N − 1.
The lastG samples oftk(n) are used as cyclic prefix (CP) with
lengthG. The preamble for each relay has the same structure,
however with differentsk(n) to distinguish from other relays.

2) Design of sk(n): To reduce the MRI in the second
stage, we employ the CAZAC sequence to designsk(n), which
have good auto-correlation property and constant magnitude in
both the time domain and the frequency domain. A CAZAC
sequence with lengthN0 is given as:

c(n) =

{

ejπqn2/N0, for evenN0,

ejπqn(n+1)/N0 , for odd N0,
(9)

wheren ∈ (0, · · · ,N0 − 1) andq are relatively prime toN0.
If c(n) is assigned to the 1th relay ass1(n), a cyclic shift
version ofc(n) will be assigned to the next relay, where the
cyclic shift length is K0. Thus thesk(n) for the kth relay
can be obtained byc(⌊n+ (k− 1)× K0⌋N0

). Notice that K0

must be larger than max{τ1, · · · , τM}, in order to maintain the
orthogonality between preambles. Furthermore, the maximum
number of active relays in the network is⌊N0/K0⌋.

3) Path Timing Checkpoints Searching:Taking advantage
of the preamble structure, an auto-correlation based metric
conducted at destination will produce impulses that correspond
to the arrival of the preambles from the channel paths of all
relays. The checkpoints searching are derived as follows:

P(d) =
N/2−1
∑

n=0

r(d+ n) · r(d+ N − 1− n). (10)

Assuming thelth path of kth relay arrives at destination at
time µk, the dominant term of the metric can be expressed as

P(µk) = hk(l)2
N/2−1
∑

n=0

tk(n)tk(N − 1− n) · ej
2π(2µk+N−1)

N fk

= hk(l)2
N/2−1
∑

n=0

|sk(n)|2 · ej
2π(2µk+N−1)

N fk (11)

=
N
2
· hk(l)2 · ej

2π(2µk+N−1)
N fk , (12)

where we assumesk(n) is a constant amplitude sequence. It
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Fig. 4. Timing metric under no noise and channel distortion conditions (The
number of relays is 2 and N=512, G=36, τ1 = 47, τ2 = 77)

is obvious that CFO and channel gain only impact the phase
of P(µk), while the amplitude is independent of CFO. Thus,
the checkpointŝdch are obtained by finding theγ number of
largest value of|P(d)| (γ is a parameter set beforehand.). Note



that this metric may produce one or two pseudo peaks, soγ

must be a litter larger thanM × L to make sure every channel
path has been included, whereM is the number of relays andL
is the order of multipath channels. Fig. 4 shows the proposed
metric under no noise and channel distortion conditions, and
it can be seen that each relay only correspond to one sharp
impulse.

B. Joint Coarse Timing and Integer Frequency Estimation

This stage operates in the two dimensions of time and fre-
quency to jointly determine a strong channel path timing and
the integer frequency estimation of each relay. This estimator
based on coherent cross-correlation has been introduced earlier
in section II-B. To improve the performance of the estimator,
consider a metric similar with [10], and following equations
are calculated for thekth relay

Ψk(d̂ch, f ) = Ik(d̂ch, f ) + Ik(d̂ch, f + 1)

f = −N/2, · · · , 0, 1, · · · ,N/2 , (13)

where Ik(d̂ch, f ) is defined in (6). The timing checkpoints
achieved in first stage are used as the initialization to reduce
the computational complexity, and they are sorted in descend-
ing order of strength. For each timing checkpoint starting from
the strongest, we compute the 1-D frequency offset metric
Ψ(d̂ch, f ) using FFT, and if the peak of the metric exceeds the
thresholdηF (which only happens when this timing checkpoint
belongs to thekth relay), a successful estimation is obtained.
The corresponding peak instant determines both the value
of channel path timing and integer frequency estimation.
Otherwise the next timing checkpoint is considered.

The process continues until the whole timing checkpoints
are used and no successful estimation is obtained. In this
situation, the maximum value determined the estimate results

f̂k,I = arg max
f
{Ψk(dch, f )} (14)

d̂k,path = arg max
dch

{Ψk(dch, f )} . (15)

To ensure reliable estimation, we setηF = 2δF , and δF is
the threshold ofIk(d̂ch, f ) defined in (7). It is obvious that the
offset between integer frequency estimation result and the true
value will be less than one subcarriers spacing.

C. Fractional Frequency Offset Synchronization

If the frequency offset is integer, the adjacent values around
the peak in frequency domain are very small when the timing
position is correct. Otherwise the adjacent values may rise, so
the algorithm in [11] is utilized to achieve an accurate result.
Using the peak valueIk(d̂k,path, f̂k,I ) and its adjacent points to
estimate the fractional CFO

f̂k, f =
Ik(d̂k,path, f̂k,I + 1)

Ik(d̂k,path, f̂k,I ) + Ik(d̂k,path, f̂k,I + 1)
(16)

As in [11], the estimation accuracy can be further improved
as follows:

f̂k,res =

Ik(d̂k,path, f̂k,I + f̂k, f + 0.5)− Ik(d̂k,path, f̂k,I + f̂k, f − 0.5)

2(Ik(d̂k,path, f̂k,I + f̂k, f + 0.5)+ Ik(d̂k,path, f̂k,I + f̂k, f − 0.5))
(17)

Finally, the CFO estimation is expressed as:

f̂k = f̂k,I + f̂k, f + f̂k,res . (18)

D. Fine Timing Synchronization

This stage is aim to find the first arriving channel path of
the kth relay, because the strongest path may not be the first
path in multipath fading channels. To estimate the first arriving
path, the cross-correlation method used in [9], [10] as follows:

Pk(d) =
N−1
∑

n=0

r(d+ n) · e− j 2π(d+n)
N f̂ktk(n) . (19)

The time of the arrival of the first channel path is estimated
as:

θ̃k = arg f irst
d

{|Pk(d)| > δT} , d ∈
{

d̂k,path− λT , d̂k,path

}

(20)

where δT =

√

− ln(PFDT/λT)2σ̂2
T

σ̂T =
√

2/π
(

mean
d
{|Pk(d)|}

)

, d < d̂k,path− λT − 1 .

PFDT is the probability of false detection in the timing axis,
and all channel paths for one relay are expected to be received
within λT + 1 samples (λT ≥ L − 1).

IV. Simulation Results

A cooperative network consisting of 2 relays is considered.
Without loss of generality only the performance for the first
relay is presented. In each simulation, the transmitter is sim-
ulated according to the 3GPP LTE specifications. The entire
bandwidth is 5 MHz, and the preamble defined in section III-A
contains 512 samples with length 36 cyclic prefix. The cyclic
shifting lengthK0 is 64, and we also have PFDF=PFDT = 10−6,
λT= 36,γ = 12. Simulation channel models include flat-fading
and an independentL = 5 paths Rayleigh fading channel with
exponential power delay profile with the average power of
e(−τ/L). The timing delay is assumed of the uniform distribution
over -40 to 40 and the normalized CFOs of two relays are
{2.5, 1.4} to prove the effectiveness when the CFOs are large.

Fig. 5 compares the MSE performance of the proposed
timing scheme with conventional cross-correlation based syn-
chronization method utilizing CAZAC sequence in [6] over
multipath fading channels. It is obvious that the conventional
method suffers a severe error floor due to the large CFOs.
While, the new scheme reduces the effect of CFOs and
outperforms the conventional method.

Fig. 6 presents the performance of the proposed timing
synchronization method utilizing different preambles, includ-
ing CAZAC, Walsh and m sequence. Apparently, CAZAC
sequence has the best MSE performance, due to its perfect
auto-correlation property. While Walsh sequence can hardly
synchronize to the correct timing position, since it has poor
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Fig. 7. Frequency MSE in different channels. (N=512 andG=36.)

auto-correlation property and performs very poorly in the fine
timing stage.

Fig. 7 compares the MSE performance of the proposed
frequency synchronization method under both flat-fading and
multipath fading channels. The Cramer-Rao lower bound
(CRLB) over flat-fading channel is also shown for compar-
ison. Simulation results indicate that the estimator has good
performance in both flat-fading and multipath fading channels.
The performance of the proposed method using different
preambles is also provided. As expected, CAZAC has the
better performance than the other sequences.

V. Conclusions

In this paper, we presented a complete and practical time
and frequency synchronization scheme for cooperative relay
networks over multipath channels and it is robust in the
presence of either small or large MCFOs. A novel preamble
was designed to introduce the joint timing and frequency
synchronization method into cooperative networks. Our sim-
ulation results demonstrate that the proposed method enhance
the estimation performance remarkably.
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