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ABSTRACT Device-to-device (D2D) communication is a key enabler to facilitate the realization of
the Internet of Things (IoT) in which devices directly communicate with each other. One of the major
challenges in the D2D network is robust and low-cost synchronization for ultra-reliable low latency
communication. To address this issue, this paper presents an efficient frequency ambiguity resolution and
sidelink synchronization identity detection scheme for D2D communications in the long term evolution
system. To perform low-cost joint detection, the proposed method is based on the grouping of the primary
sidelink synchronization sequence (PSSS) subcarriers. The PSSS subcarriers are grouped into a number of
subsets wherein the phase difference between the PSSS subcarriers is approximately a multiple of π/2.
Numerical analysis is performed to present the relationship between detection probability and design
parameter. Simulations show that the proposed method has the same performance as the existing detection
method, with significantly reduced computational complexity.

INDEX TERMS Device-to-device communication, Internet of Things, long-term evolution, sidelink syn-
chronization, synchronization signal.

I. INTRODUCTION
Long term evolution (LTE) is an attractive technology to
be applied for a variety of wireless applications due to its
ability to deliver high data rates with the reliable qual-
ity of service (QoS), which has been standardized by the
third generation partnership project (3GPP) [1]. With the
rapid development of cellular and IP networks, the ulti-
mate communications infrastructure for the Internet of
things (IoT) has been realized. The all-IP based architecture
of LTE-Advanced (LTE-A) cellular networks makes it ideal
for IoT applications. Recently, cellular IoT solutions such
as narrowband IoT and device-to-device (D2D) communica-
tions have been considered as a key component in existing
and future cellular LTE-A networks [2]–[5]. D2D communi-
cation is considered as an appealing technology for various
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IoT domains such as smart metering, industrial automation
and control, remote manufacturing, and healthcare [6].

Among a variety of communication technologies that exist
within the IoT, D2D communication allows user equip-
ments (UEs) close to each other to communicate using a
direct link, and can be operated as an underlay to LTE-A
networks by sharing the scarce radio resources [7], [8]. In the
D2D based IoT network, ultra-reliable low latency commu-
nication (URLLC) is an increasingly important aspect of
wireless connectivity. To realize the URLLC requirement,
it is a challenging task to acquire fast network connectiv-
ity and maintain the synchronization especially for out-of-
network coverage scenarios, wherein theD2D devices have to
synchronize with each other. To end this, the D2D device has
not only to resolve symbol timing error and frequency ambi-
guity but also to detect the sidelink synchronization identity
(SSID) [9]–[19]. A series of process of acquiring timing
and frequency synchronization together with SSID of D2D
devices is called as initial cell search. Due to the sensitivity of
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orthogonal frequency division multiplexing (OFDM) to time
and frequency misalignments, there is a need for reliable cell
search procedure by which the D2D device determines time
and frequency parameters so that the orthogonality of subcar-
riers can be maintained. Most of the existing synchronization
methods are designed for downlink (DL) detection and are not
the best solution for sidelink synchronization, but they can
be applied to the D2D scenario [14]–[22]. A sidelink iden-
tity is acquired by detecting the SSID message transmitted
through the synchronization signals such as primary sidelink
synchronization signal (PSSS) and secondary sidelink syn-
chronization signal (SSSS) [8]. During the first step of the
initial cell search procedure, the D2D device exploits the
redundant cyclic prefix (CP) to find the fractional frequency
offset (FFO) and initial symbol timing offset (STO) [9]–[12].
In the second step, the PSSS is used to retrieve the SSID
and detect integer frequency offset (IFO) [13]–[19]. After the
completion of this stage, the SSSS is identified to determine
the frame boundary and the sidelink ID (SID) [20]–[22].

In [12]–[14], the PSSS estimation method has been pro-
posed to be performed in the time domain. One drawback
of this strategy is that the detection accuracy depends on the
existence of IFO. To solve this issue, the works in [15]–[19]
have presented the PSSS detection scheme in the frequency
domain. In [15], [16], a joint detection of the SSID and IFO
during the PSSS-matching process was presented, which is
accomplished observing the cross-correlation between the
received PSSS and the original PSSS. With this detection
strategy, the SSID and IFO can be jointly estimated employ-
ing the correlation banks for a large number of hypotheses,
which requires a large amount of computational complexity.
Maximum likelihood (ML) detection has been effectively
used to estimate IFO [17], based upon the minimum mean-
square-error criterion reduced-rank representation of the
channel frequency response (CFR). At the cost of compu-
tational complexity, the ML estimator can realize optimal
detection of IFO. To reduce the computational processing,
a sequential SSID and IFO estimation scheme was developed
exploiting the symmetric property of the PSSS [18], [19].
With the central symmetry property of the PSSS, it avoids
the need to acquire the SSID. Therefore, such a design can
decouple the SSID and IFO detection into two sequential
tasks, while it suffers from longer processing delay and is
vulnerable to the presence of STO, degrading its detection
efficiency. Thus, it is of significant interest to develop accu-
rate detection algorithm while reducing the complexity of
D2D devices.

In this paper, we propose an efficient SSID and IFO detec-
tion method for D2D communications in the LTE system.
To this end, the set of differential PSSS subcarriers is divided
into a number of groups, each of which is represented by
one group subcarrier. The proposed method that is based on
partitioning of differential PSSS subcarriers facilitates low-
complexity detection of SSID and IFO by performing group-
wise correlation between received PSSS subcarriers and
one representative PSSS subcarrier in subset. To investigate

the effectiveness of the proposed joint estimation scheme,
the probability of detection failure is analytically derived. It is
shown that the processing burden of the proposed estimation
scheme is considerably decreased while offering acceptable
performance when compared to the conventional detection
methods.

The rest of this paper is structured as follows. Next section
presents the signal model and synchronization signal for
the LTE-D2D communication. In Section III, the conven-
tional detection methods using differential correlation are
addressed. A computationally effective detection method for
the LTE-D2D system is presented in Section IV. In Section V,
the effectiveness of the proposed joint detection scheme is
demonstrated by computer simulations. Finally, conclusions
are drawn in Section VI.

II. SYSTEM DESCRIPTION
A. SIDELINK SYNCHRONIZATION PROCEDURE
In an LTE D2D network, a series of process of acquiring
timing and frequency synchronization together with SSID is
called as initial synchronization. To this end, the PSSS and
SSSS sequences are periodically transmitted from the UE
acting as a synchronization source. The initial synchroniza-
tion procedure mainly comprises three steps. In the first step,
initial STO and FFO estimation is accomplished in the time
domain by using redundant information from the CP. After
FFO compensation and CP extraction, the time-sampled
OFDM signal is converted into the frequency domain by
means of a fast Fourier transform (FFT). During the second
stage, the SSID is retrieved together with the IFO detecting
the PSSS, which can be accomplished in the time or fre-
quency domain. Once these two steps are finished, the frame
boundary and the SID is identified detecting the SSSS, thus
recovering the radio frame timing for the D2D transmission.

B. SYNCHRONIZATION SIGNAL
Let us consider the sidelink of an LTE system operating in
frequency division duplexmode. The period of one LTE radio
frame is 10ms. Each frame is made up of 10 subframes of 1ms
each, which is further divided into two equally sized slots
of length 0.5ms. Every subframe includes 14 single-carrier
frequency division multiple access (SC-FDMA) symbols for
normal CP, while 12 SC-FDMA symbols are contained in
the case of extended CP. In contrast to LTE DL, the D2D
sidelink uses a pair of PSSS and SSSS, which are trans-
mitted in two consecutive OFDM symbols every 40ms.
An LTE sidelink system can support 336 different SSIDs
numbered by NID ∈ {0, 1, 2, · · · , 335}. These SSIDs are
grouped into two sets depending on in-network and out-of-
coverage scenarios, which are indexed as {0, 1, 2, · · · , 167}
and {168, 169, · · · , 335}, respectively. The PSSS is gener-
ated based on Zadoff-Chu (ZC) sequence that belongs to the
class of constant amplitude zero autocorrelation sequences.
The ZC root sequence index ui (i = 0, 1) is used to
represent two sets corresponding to in-network and out of
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network cases. From [1], u0 = 26 forNID ≤ 167 and u1 = 37
otherwise. In frequency domain, the PSSS is constructed from
a ZC sequence of length 63, with the middle element punc-
tured to avoid transmitting on the DC subcarrier. Therefore,
the DC subcarrier and the rest of the subcarriers in the sym-
bols where the PSSS is present are zero-padded, leading to
Np = 62 non-zero PSSS subcarriers surrounding the DC
subcarrier symmetrically, where Np is the number of PSSS
subcarriers. Two PSSS sequences are generated to have good
periodic autocorrelation and cross-correlation properties [1]

Pi(k) =

{
e−jπui(k+31)(k+32)/63, k ∈ P
0, otherwise,

(1)

where P = {k| − Np/2 ≤ k ≤ Np/2, k 6= 0} denotes
the set of PSSS subcarrier indices. The SSSS sequences are
mainly used to recognize the 168 SIDs, which are based
on maximum length sequences. Each SSSS is generated by
interleaving two length-31 scrambled and cyclically shifted
binary phase-shift keying sequences s(w0)

0 (b) and s(w1)
1 (b),

with b = 0, 1, · · · ,Np/2− 1.

C. SIGNAL MODEL
We assume that the synchronization signals are transmit-
ted without discrete Fourier transform (DFT) precoding [8].
Thus, let us consider an OFDM system that employs N
subcarriers and Ng guard interval (GI) samples with time
durations of T and Tg, respectively. After performing an
N -point inverse FFT (IFFT) on the information symbols,
the last Ng samples of each OFDM symbol comprised of
N samples are copied and appended at the beginning of the
OFDM symbol. Thus, one effective OFDM symbol with time
duration of NuTs is generated, where Ts is the sampling time
interval and Nu = N + Ng. The v-th time-domain sample
during the q-th period xq(v), v = −Ng,−Ng+ 1, · · · ,N − 1,
can be written by

xq(v) =
N/2−1∑
k=−N/2

Xq(k)ej2πkv/N (2)

where Xq(k) is the frequency-domain signal at the k-th sub-
carrier in the q-th duration and the half subcarrier frequency
shift for the SC-FDMA uplink signal is omitted for notational
convenience. The remaining Xq(k)’s except for the synchro-
nization signal are DFT-precoded signals. The continuous-
time baseband signal transmitted is expressed as

x(t) =
∞∑

q=−∞

N/2−1∑
k=−N/2

Xq(k)ej2πk(t−Tg−qTu)/(NTs)u(t − qTu)

(3)

where Tu = T + Tg and u(t) is the shaping pulse that takes
the value u(t) = 1 for 0 ≤ t < Tu and u(t) = 0 otherwise.
The time-domain signal is transmitted over a multipath

fading channel with additive white Gaussian noise (AWGN)
and the received signal is down-converted to baseband at
the UE terminal. Since the frequency of the local oscillator

f ′c is not exactly equal to the received carrier frequency fc,
there will be a frequency offset f ′c − fc in Hz. Since the FFO
marginally affects the performance of the IFO detector like
the existing approaches [17]–[19], we consider the scenario
where the FFO is completely available at the receiver. With
these implications in mind, the time-domain received signal
can be given by

r(t) = ej2π (f
′
c−fc)tx(t)⊗ h(t)+ z(t) (4)

where ⊗ denotes the linear convolution operator, h(t) is the
channel impulse response (CIR), and z(t) is a zero-mean
AWGN process. After FFO compensation, the symbol timing
is recovered to remove the GI. We assume that there is a
residual STO τ due to the presence of highly dispersive
channels [9]. Without losing generality, we consider only
integer-valued τ because any fractional STO can be incorpo-
rated into the CIR. In the presence of the STO τ , the sampling
of OFDM symbol q is shifted from the optimal position and
done at time instants t = qTu + vTs + τTs. Thus, the time-
domain signal during the q-th period yq(v), v = −Ng,−Ng+
1, · · · ,N − 1, appears as [13]

yq(v) = ejqεNgρejε(v−τ )ρ
L∑
p=1

hq(p)xq(v− τp − τ )+ zq(v)

(5)

where ρ = 2π/N , ε denotes the normalized IFO with respect
to the subcarrier spacing 1f = 1/(NTs), xq(v) is the v-th
sample over the q-th symbol period, hq(p) is the discrete CIR
with L resolvable paths, τp is the delay of the p-th path, and
zq(v) is the contribution of a zero-mean AWGN.
For notational convenience, we consider the situation

where the PSSS is transmitted without DFT precoding on
the l-th OFDM symbol, i.e., Xl(k) = Pi(k). After extracting
the CP, the FFT operation during the l-th symbol period
transforms the time-domain sample yl(v) into

Yl(k) = Hl(k − ε)Pi(k−ε)e−j(k−ε)τρejlεNgρ+Zl(k), k ∈ P
(6)

where Hl(k) denotes the CFR over the l-th period and
Zl(k) is the frequency-domain representation of zq(v) with
variance σ 2

Z .

III. CONVENTIONAL SSID AND IFO DETECTION SCHEMES
The SSID and IFO estimation is generally performed in a
non-coherent manner since the the channel state informa-
tion has not been known during the synchronization phase.
To lessen the impact of the channel distortion and symbol
timing error on the detection performance, the differential
correlation between neighboring subcarriers of the received
PSSS over the l-th period is written as

Ȳl(k) = Yl(k)Y ∗l (k − 1)

= |Hl(k − ε)|2 Di(k − ε)ejτρ + Z̄l(k), k ∈ D (7)

where (·)∗ means the complex conjugation, Di(k) = Pi(k)
P∗i (k − 1) is the differential relation from two adjacent PSSS
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subcarriers,D = {k| −Np/2+ 1 ≤ k ≤ −1, 2 ≤ k ≤ Np/2},
and Z̄l(k) is the contribution to AWGN given by

Z̄l(k) = Hl(k − ε)Xl(k − ε)Z∗l (k − 1)e−j(k−ε)τρejlεNgρ

+H∗l (k−ε−1)X
∗
l (k−ε−1)Zl(k)e

j(k−ε)τρe−jlεNgρ

+Zl(k)Z∗l (k − 1). (8)

Since Pi(k) is central-symmetric around DC, it follows that
Di(k) = D∗i (−k + 1) for k ∈ [2,Np/2]. The SSID and
IFO detection can be performed in a joint or sequential
manner [15]–[19].

A. JOINT IFO AND SSID DETECTION (JISID) SCHEME
A joint detection scheme using central-symmetric property of
the ZC sequence is widely used in the LTE system [15]–[17].
We may express the objective function8p(m, n) with respect
to symmetric-conjugate differential correlation

8a(m, n) =
∑
k∈D

Ȳl(k + m)D∗n(k) (9)

where m is the hypothesized IFO and n is the indicator of
the ZC root sequence index. By searching the maximum of
8a(m, n) subject to m and n, the SSID and IFO joint detector
has the following form [17]

(ε̂, n̂) = arg max
|m|≤M ,n∈{0,1}

<{8a(m, n)} (10)

whereM is the finite number of possibilities of ε and <{x} is
the real term of the complex number x. Although this design
can reduce the number of complex-valued multiplications by
half, it still requires much computational complexity. Another
disadvantage of the JISID scheme is that a loss of autocorre-
lation property of the original PSSS gives rise to similar peaks
for different IFO trials and degrades its performance.

B. SEQUENTIAL IFO AND SSID
DETECTION (SISID) SCHEME
In [18], [19], the symmetric property of the PSSS is exploited
to decouple the detection of the SSID from the IFO recovery
task so that they can be detected sequentially. To aim this,
the received PSSS is normalized to remove the effect of the
channel fading, leading to the channel-compensated objective
function as follows [19]

8b(m) =
1

Np/2− 1

∑
k∈D+

Ỹl(k + m)Ỹl(−k + m+ 1) (11)

where D+ = {k|2 ≤ k ≤ Np/2} is the set of positive subcar-
rier indices of differential PSSS and Ỹl(k) = Ȳl(k)/|Ȳl(k)|.
If m = ε, the function 8b(m) tends to approach one. Since
8b(m) is independent of ZC index ui, the SSID-independent
IFO estimation is performed as

ε̂ = arg min
|m|≤M

|8b(m)− 1| . (12)

Since 8b(m) is independent of ZC index ui, the SSID is
sequentially detected with a reduced search space of size 2

n̂ = arg max
n∈{0,1}

<{8c(n)} (13)

where

8c(n)=
∑
k∈D+
{Ỹl(k+ε̂)+ Ỹ ∗l (−k + ε̂ + 1)}D∗n(k). (14)

The disadvantage of the SISID method is that the effect of
STO is doubled compared to (9).

IV. PROPOSED IFO AND SSID DETECTION SCHEME
This section presents a robust and computationally efficient
joint detection scheme using inherent property of the syn-
chronization signal in the LTE-D2D system. The differential
correlation is used to remove the effect of channel fading
and then differential PSSS subcarriers are grouped to form
the basis for low-complexity detection. As a performance
indicator of the proposed joint detector, the probability of
detection failure is theoretically derived.

A. ALGORITHM DESCRIPTION
We present possible simplifications to reduce the implemen-
tation complexity by partitioning the setD+ having Np/2−1
differential PSSS subcarriers into Ns subsets. Thus, each
PSSS subcarrier belongs to a subset with an acceptable phase
difference. With this strategy in mind, the g-th subset can be
constructed to meet the following condition

Dg =

{
k

∣∣∣∣| arg{Dn(kg)D∗n(k)}| ≤ θ + pπ
2

}
, p = 0, 1, 2, 3

(15)

where arg{·} is the phase of its argument, kg denotes the rep-
resentative subcarrier in subset g, and θ is an angle threshold
that controls the similarity between differential PSSS subcar-
riers in each subset. Since D0(k) = D∗1(k), one can readily
expect that two PSSS signals D0(k) and D1(k) have the same
subset configuration. The purpose of subset partitioning is to
ensure that the phase difference between the representative
PSSS subcarrier and remaining subcarriers in subset is in the
range [−θ, θ] after being rotated by pπ/2.
The PSSS subset partitioning is iteratively repeated until

Np/2− 1 differential PSSS subcarriers are assigned to one of
the subsets. The complete procedure is as follows:
Step 1): Initialize an index of PSSS subset by g = 1 and

D̄← D+.
Step 2): Determine the first subcarrier index in the g-th

PSSS subset kg = min{D̄}, where min{D̄} returns the min-
imum value of set D̄.
Step 3): Construct the g-th PSSS subset Dg that satisfies

the condition (15).
Step 4): Set D̄ = D̄ \Dg.
Step 5): If D̄ = ∅ then Ns = g and stop, otherwise g =

g+ 1 and go to step 2.
Based on the subset partitioning described above, the

in-phase rotated objective function is computed as

8d (m, n) =
Ns∑
g=1

D∗n(kg)
∑
k∈Dg

Wn(k)Ŷl(k + m) (16)
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where Ŷl(k + m) = Ȳl(k + m) + Ȳ ∗l (−k + m + 1), Wn(k) ∈
{±1,±j} is the conversion indicator that makes the phase
difference between the representative PSSS subcarrierDn(kg)
and Dn(k) in k ∈ Dg to be within [−θ, θ]. Note thatWn(k) is
beneficial in terms of implementation because it is performed
without multiplication. The number of differential PSSS sub-
carriers in subset g is denoted by Ng and thus

∑Ns
g=1 Ng =

Np/2− 1.
When m = ε and n = i, substituting (7) into (16) yields

8d (m, n) =
Ns∑
g=1

∑
k∈Dg

Hn(k)D∗n(k)

+

Ns∑
g=1

∑
k∈Dg

Wn(k)Hn(k)ξ∗n (k)+
Ns∑
g=1

∑
k∈Dg

Ẑl(k)

(17)

where ξn(k) = Dn(kg)−Wn(k)Dn(k) is the difference between
the first PSSS subcarrier and other in-phase rotated PSSS
subcarriers in subset g, Ẑl(k) = Wn(k){Z̄l(k) + Z̄∗l (−k +
1)}D∗n(kg), and

Hn(k + m− ε) = |Hl(k + m− ε)|2Dn(k + m− ε)ejτρ

+ |Hl(−k + 1+ m− ε)|2

×D∗n(−k + 1+ m− ε)e−jτρ . (18)

As can be seen from (17), the objective function is affected by
the STO-induced phase rotation and the difference between
PSSS subcarriers in subset even as the signal-to-noise
ratio (SNR) goes to infinity. Assuming that Dn(k)’s are sta-
tistically independent for different n’s and k’s, the central
limit theorem ensures that the probability density function of
the second term on the right hand side of (17) follows a zero-
mean Gaussian distribution. Thus, using Dn(k) = D∗n(−k +
1), it follows that

E{8d (m, n)} =
Ns∑
g=1

∑
k∈Dg

{|Hl(k)|2ejτρ

× |Hl(−k + 1)|2e−jτρ}E2
P (19)

where E{·} denotes the expectation and EP = |Pi(k)|2.
If m 6= ε, 8d (m, n) takes expression

8d (m, n) =
Ns∑
g=1

∑
k∈Dg

Hi(k + m− ε)D∗n(k)

+

Ns∑
g=1

∑
k∈Dg

Wn(k)Hi(k + m− ε)ξ∗n (k)

+

Ns∑
g=1

∑
k∈Dg

Ẑl(k), i = 0, 1. (20)

which can be similarly assumed to be zero-mean Gaus-
sian random variable. Consequently, the maximization of

8d (m, n) with respect to (m, n) will give the SSID and IFO
as follows

(ε̂, n̂) = arg max
|m|≤M ,n∈{0,1}

<{8d (m, n)}. (21)

B. PROBABILITY OF DETECTION FAILURE
Upon successful completion of joint detection of the SSID
and IFO, the UE can proceed the SSSS detection. Thus,
the overall probability of detection failure Pf = Prob{ε̂ 6=
ε, n̂ 6= i} is considered as a performance measure. In this
section, we compute the overall probability of detection fail-
ure of the proposed joint estimator when τ = 0 and AWGN
channel is considered. Under the hypothesis that m = ε and
n = i, the distribution of <{8d (m, n)} is Gaussian with mean
µ = (Np − 2)E2

P and variance

σ 2
1 = 2E4

P

Ns∑
g=1

∑
k∈Dg

|ξn(k)|2 + (Np − 2)E2
Pσ

2
Z (EP + σ

2
Z/2).

(22)

When m 6= ε, a random variable <{8d (m, n)} has a zero-
mean Gaussian distribution with variance given by

σ 2
0 = (Np − 2)E4

P/2+ E
4
P

Ns∑
g=1

∑
k∈Dg

|ξn(k)|2

+ (Np − 2)E2
Pσ

2
Z (EP + σ

2
Z/2). (23)

For equally likely IFOs, letting z = <{8d (m, n)}, the overall
probability of correct detection Prob{ε̂ = ε, n̂ = i} can be
expressed as

Pd =
∫
∞

−∞

1
√
2π

e−
z2
2

[
1− Q

(
σ1

σ0
z+

µ

σ0

)]4M+1
dz (24)

where Q(·) denotes the Q-function,

σ 2
1

σ 2
0

=
1/γ + 1/2γ 2

+ 2Pe/(Np − 2)
1/2+ 1/γ + 1/2γ 2 + Pe/(Np − 2)

(25)

and

µ2

σ 2
0

=
Np − 2

1/2+ 1/γ + 1/2γ 2 + Pe/(Np − 2)
(26)

with

Pe =
Ns∑
g=1

∑
k∈Dg

|ξn(k)|2 (27)

and γ = EP/σ 2
Z being the SNR. For derivation of the closed

form, it is convenient to use a tight upper bound of Q(·)
expressed as [23]

Q
(
σ1

σ0
z+

µ

σ0

)
≤

1
12
e
−

1
2

(
σ1
σ0
z+ µ

σ0

)2
+

1
4
e
−

2
3

(
σ1
σ0
z+ µ

σ0

)2
.

(28)
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The overall probability of detection failure is given by Pf =
1 − Pd . Using multinomial theorem, the upper bound of Pf
is obtained as

Pf ≤ 1−
∑

v1+v2+v3=4M+1

(
−

1
12

)v1 (
−
1
4

)v2 ( 4M + 1
v1, v2, v3

)

·
1
√
2π

∫
∞

−∞

e−
z2
2 e
−

(
σ1
σ0
z+ µ

σ0

)2( v1
2 +

2v2
3

)
dz︸ ︷︷ ︸

P(v1,v2)

(29)

where 0 ≤ vi ≤ 4M + 1 (i = 1, 2, 3) and multinomial
coefficient is given by(

4M + 1
v1, v2, v3

)
=

(4M+1)!
v1!v2!v3!

. (30)

From [24], P(v1, v2) is expressed in a closed form

P(v1, v2) =

(
1+

v1σ 2
1

σ 2
0

+
4v2σ 2

1

3σ 2
0

)−1/2

· e
−

µ2

2σ21

{
1−
(
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2
1

σ20
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4v2σ
2
1

3σ20

)−1}
. (31)

Plugging (31) into (29) produces

Pf ≤ 1−
∑

v1+v2+v3=4M+1

(
−

1
12

)v1 (
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1
4

)v2 ( 4M + 1
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·

(
1+

v1σ 2
1

σ 2
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+
4v2σ 2

1

3σ 2
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)−1/2
e
−

µ2

2σ21

{
1−
(
1+

v1σ
2
1

σ20
+

4v2σ
2
1

3σ20

)−1}
.

(32)

It is worthwhile mentioning that the performance when Pe =
0 in (24)-(26) coincides with that of the JISID scheme.

C. COMPUTATIONAL COMPLEXITY
The complexity of the detection schemes is evaluated with
respect to the number of real floating point operations (flops)
considering joint detection scenarios. We assume that one
complex multiplication and one complex addition are equal
to six and two real flops, respectively [25]. Furthermore, it is
assumed that one absolute operation corresponds to three real
flops and the quantities Dn(k)’s have been pre-calculated.
To compute the shifted differential correlations Ȳl(k + m)’s
and Ȳl(−k + m + 1)’s, it requires Np + 2M − 1 complex
multiplications for hypotheses |m| ≤ M . For fair comparison,
we count only the number of flops used to get <{8a(m, n)}
and <{8c(n)}, respectively. In (9), 4Np − 9 real flops are
required to calculate <{8a(m, n)}. Therefore, the total num-
ber of real flops required to compute (10) is 12M + 6Np −
6+ (4M+2)(4Np−9). Since the absolute operation demands
both real and imaginary parts of 8b(m), 8Np − 13 real flops
are needed to compute |8b(m) − 1|. Thus, (12) requires
12M+6Np−6+(2M+1)(8Np−13) real flops. Additionally,
6Np − 14 real flops are required for <{8c(n)}. In the case of
the proposed scheme, (16) requires Np + 2Ns − 3 real flops
for each m. Considering 4M + 2 hypotheses, the number of
total real flops is 12M + 6Np− 6+ (4M + 2)(Np+ 2Ns− 3).

TABLE 1. Subset configuration when θ = π/18.

TABLE 2. Subset configuration when θ = π/9.

V. SIMULATION RESULTS
The performance of the proposed detection method is eval-
uated in the LTE network that consists of 15kHz subcarrier
spacing and 5MHz bandwidth. The carrier center frequency is
2GHz, the sampling time instant is Ts = 1/7.68 µs, the FFT
size is N = 512, and the GI length is Ng = 128. For data
transmission, QPSK modulation is used. We adopt two 3D
channel models such as indoor hotspot (InH) and urban micro
cell (UMi), which are characterized by a maximum excess
delay of 0.225µs and 0.73µs, respectively [26]. Considering
the lowmobility and the stability of oscillators for D2D appli-
cations [3], the IFO is uniformly distributed over [−2, 2],
which corresponds to M = 2, and the STO is randomly
generated from [0, τ ] in samples, where τ is a maximum
STO.

To fully implement (16), we have to know the subset con-
figuration characterized by Dg, which is determined depend-
ing on angle threshold θ . Since the two differential PSSSs
have the relation D0(k) = D∗1(k), it can be readily shown that
the subset configuration for both u0 and u1 is identical for a
given θ . By search of all possible combinations considering
the number of differential PSSS subcarrieres, it is obtained
that Ns = 10 for θ = π/36, Ns = 6 for θ = π/18, Ns = 3
for θ = π/9, and Ns = 1 for θ = π . In the following, we use
three representative subsets: (S1) θ = π/18, (S2) θ = π/9,
and (S3) θ = π . Tables 1 and 2 show the subset configuration
when θ = π/18 and θ = π/9, respectively.
First, we perform the simulation to prove the exactness

of the numerical analysis. For this purpose, we consider
the situation where the STO is perfectly compensated, i.e.
τ = 0. Fig. 1 presents the overall probability of detection
failure incurred in jointly estimating the SSID and IFO in
the AWGN channel. The performance of the conventional
schemes is compared with that of the proposed algorithm
parameterized by θ . From Fig. 1, we observe that theo-
retical analysis (symbols) obtained using the upper bound
in (32) exactly matches simulated results (lines) irrelevant
to subset configuration where there is no STO. As expected,
the approximation (28) provides a very tight bound, which
becomes more accurate as the SNR grows.

Fig. 2 depicts the overall probability of detection failure
of the proposed and conventional estimators when τ = 20,
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FIGURE 1. Performance of the proposed and conventional detection
schemes versus SNR in the AWGN channel when τ = 0.

FIGURE 2. Performance of the proposed and conventional detection
schemes versus SNR in the AWGN channel when τ = 20.

under the same simulation scenarios to Fig. 1. Immediately,
one can see that the trend of the curves is similar to that
in Fig. 1. More importantly, it can be seen that the accuracy
of the JISID scheme and the proposed scheme with subsets
1 and 2 is almost the same in the presence of STO. As the
design parameter θ becomes larger, it is expected that the
proposed scheme slightly increases the required SNR. How-
ever, a maximum SNR loss of the proposed method over the
JISID scheme is less than 2dB since the use of subset 3 in the
proposed scheme is the worst case scenario where only one
representative PSSS subcarrier is present.

Figs. 3 and 4 depict the overall probability of detection
failure of the joint detectors in the InH and UMi channels,
respectively. It is obvious that the probability of the detec-
tion methods is heavily influenced by the amount of fre-
quency selectivity in the presence of STO. This phenomenon

FIGURE 3. Performance of the proposed and conventional detection
schemes versus SNR in the InH channel.

FIGURE 4. Performance of the proposed and conventional detection
schemes versus SNR in the UMi channel.

becomes more pronounced when the SISID method is used.
This is because that the impact of STO is double in the
process of computing 8b(m), compared to the JISID scheme
and the proposed scheme. It can be seen that the loss of the
proposed scheme using the subset 2 with respect to the JISID
scheme is negligible at all considered SNR values, whereas
62.6% and 67.1% complexity saving can be achieved against
the JISID and SISID schemes, respectively. In the frequency
selective fading channel, the performance difference between
the JISID scheme and the proposed scheme using the subset 3
is less than 1dB.

VI. CONCLUSION
To achieve a reliable synchronization in LTE-D2D networks,
it is important to perform joint detection of SSID and IFO
with reduced complexity and high accuracy. To address this
problem, an efficient SSID and IFO estimation scheme was
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proposed in the LTE assisted D2D communication network.
The differential correlation was used for the purpose of joint
detection and differential PSSS subcarriers were grouped
to form the basis for reduced-complexity estimation. The
grouping of the PSSS subcarriers has been found to play
an important role on reducing the number of multiplica-
tions. Performance analysis was carried out to show how
design parameters affect the detection probability and to
make a trade-off between the performance and complexity.
Simulation results confirmed that the proposed detection
scheme achieves robust detection performance with signifi-
cantly reduced computational load, compared to the conven-
tional detection methods, making it suitable for the LTE-D2D
devices.
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