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Abstract—A general scenario for using reference broadcast
synchronization (RBS) in heterogeneous multi-hop wireless networks is defined, together with an appropriate model allowing
to directly derive maximum likelihood estimators (MLE) to
the skew and offset between communicating nodes. The model
captures nodes heterogeneity that may cause differences in the
reception delays. It also eliminates the need for synchronizing
to the reference and enables direct relative synchronization.
This accurately eliminates sender’s delays from the critical path,
which faithfully reflects RBS features and the receiver/receiver
paradigm. It will be shown that state-of-the-art RBS estimators
for the joint skew/offset problem fail to eliminate sender’s
delay. Appropriate MLEs are accordingly proposed. The CramerRao lower bounds (CRLBs) are calculated, then the proposed
estimators are numerically analyzed. Results show the estimators
quadratically converge to the CRLB as the sample size rises, and
that the precession is uninfluenced by the degree of heterogeneity
(increase of delay differences). In a summary, the contribution
of this paper is threefold; i) considering usage of RBS in heterogeneous and multi-hop networks, ii) defining an appropriate
model and- accordingly- the maximum likelihood estimators for
relative skew/offset between communicating nodes, iii) defining
theoretical bounds for the estimators and numerically analyzing
their convergence.

I. I NTRODUCTION
Time synchronization in wireless networks is a challenging
research topic [1]. Many state-of-the-art distributed protocols
are based on two-way exchange of synchronization signals.
This approach is known as sender/receiver synchronization [2].
On the other hand, the Reference Broadcast Synchronization
(RBS) protocol [3] is one of the milestone solutions proposed
thus far, and it is conceptually different from the previous
approach. It introduced the receiver/receiver synchronization,
which relies on the broadcast property of the wireless communication medium. With this property, receivers located
within listening distance to the same sender (reference) would
physically capture a broadcast signal at approximately the
same time. Still, timestamping may witness some variability
due to the reception delays at the receivers. RBS uses a
sequence of synchronization signals (beacons) from a fixed
reference, which allows potential receivers to mutually estimate relative offset and skew of their respective clocks. The
reference periodically broadcasts signals that are received at
the synchronizing nodes, and timestamped with local clocks.
The local timestamps are exchanged between the nodes and
used to construct samples for estimating relative skews/offsets.
The protocol reduces time-critical path, which is the path
of a message that contributes to non-deterministic errors in a

protocol [4]. With sender/receiver protocols, the time involved
in sending a message (signal) from a sender to a receiver is
the result of the following four factors that can vary nondeterministically: i) Send time, which is the time spent by the
sender for message construction along with the time spent to
transmit the message from the sender’s host to the network
interface. ii) Access time; the time spent for medium access
at the MAC layer. iii) Propagation time, as the time necessary
for the message to reach the receiver once it has left the
sender. This time is relatively negligible. iv) Receive time,
which is the time spent by the receiver to process the message.
RBS removes the send time and the access time from the
critical path; the two largest sources of non-determinism. This
would contribute to a high degree of synchronization, provided
estimators are well-established. First and foremost, and as
eliminating delays related to the sender is the essence of
RBS, any model upon which the estimators are derived must
eliminate such delays. It is inevitable to use relative synchronization, instead of synchronization to the reference. It will
be detailed later how synchronizing receivers to the reference
(which is performed by some state-of-the-art models) violates
RBS property. The model proposed in this paper considers this
problem.
Although RBS has been proposed for wireless sensor networks, it can be generalized for use in any wireless network
with a broadcast medium. In this paper, a general scenario
of wireless networks where RBS can be used is first defined.
The scenario considers possible heterogeneous nodes. With
heterogeneous nodes, it is inappropriate to assume reception
delays are identical. In other words, assuming that delay
differences (regarding reference signal reception) between two
nodes converge to zero. A model that takes this constraint into
account is defined. The model is used to derive the maximum
likelihood estimators (MLE) of skew/offset, which enables
any couple of potential receivers to mutually and relatively
synchronize their timestamping. The corresponding CramerRao lower bounds (CRLB) are derived and numerically compared to the estimators’ mean square errors (MSE). Results
demonstrate fast convergence to the optimum (CRLB).
The remainder of this paper is organized as follows. Section
II presents the related work, followed by a network and synchronization model for the use of RBS-based synchronization
in multi-hop wireless networks. Section IV proposes MLE
for the synchronization parameters (skew/offset). In Section V
the CRLB is calculated and a numerical analysis is provided,

which investigates the convergence of the proposed estimators
to the CRLB (the optimum). Finally, Section VI draws the
conclusions and enumerates the potential perspectives.
II. R ELATED WORK
Time synchronization is vital for many applications in
communication networks and distributed systems, where there
is no common reference of time (clock). In fact, each entity
runs its own clock that inevitably drifts off through the time.
Attempting to synchronize local clocks to a universal time
(absolute time) is extremely difficult and impractical [5]. It
is more rational to keep clocks running independently and
provide mechanisms to allow each entity to estimate the
time at another entity given its own reading. If necessary,
an accurate clock reflecting the universal time may be one
of these (other) entities. All synchronization protocols rely
on timestamp exchange, which inevitably yields delays. The
key challenge that faces all these protocols is delay variability
and unpredictability. Communication delays is more variable
and unpredictable in wireless environments, making it more
challenging to ensure fine-grained synchronization and accurately estimate relevant parameters. We focus on estimators in
this sections; readers interested in a review on synchronization
protocols of wireless networks can refer to [2].
Most of estimators proposed thus far are devoted to
sender/receiver synchronization, where the two synchronizing entities (nodes) perform a two-way message exchange
of timestamps. Some estimators are based on the offsetonly model [6], which needs to exchange synchronization
signals and to update offsets at a high frequency. This is
costly and impractical in wireless environments. Noh et al.
[7] provide general offset/skew maximum likelihood estimators (MLE), where only the first and the last observations
of timing message exchanges are used. The approach was
generalized in [8]. The authors suppose delays at all nodes
to follow a Gaussian distribution with the same mean. A
similar mathematical approach is followed in this paper, to
derive estimators of RBS protocol. However, the model used
herein, and consequently all the derived estimators and bounds,
are completely different. The model of [7] does not apply
to RBS synchronization but only to sender/receiver based
solutions. Moreover, the estimators in this paper consider delay
difference between nodes, where [7] supposes reception delays
at nodes to have the same mean. RAT [9] is a sender/receiver
synchronization protocol, which has been integrated with BMAC to incrementally improve its performance. The authors
used linear regression to estimate synchronization parameters.
Since the authors’ aim is to reduce the preamble period at the
MAC layer, the estimators provide a weak synchronization.
RBS [3], as described in Section I, defines a completely
different approach- receiver/receiver- that reduces the message
critical path. The authors empirically observed delays to be
Gaussian and consequently estimate the offset by the average,
which is well-known to be the MLE for the Gaussian distribution. Since then, few has been done for RBS parameter
estimation, notably for the joint skew/offset model. To our

knowledge, the work of Sari et al. [10] is the only one
that considers joint skew/offset MLE estimators for RBS. It
assumes exponentially distributed delays. The major shortcomings one can notice on this model is that it does not
synchronize receivers directly but through synchronization to
the reference’s clock, which completely deviates from the
RBS concept. Note that the concept of a reference in RBS
is only to have a common reference for signal broadcast,
but not a common reference of time. The authors claim that
after synchronizing the receivers to the reference, the relative
parameters can be determined. This is possible but with cumulative errors on the estimators; and more importantly, each
estimator would not eliminate sender’s delays. Eliminating the
sender uncertainty from the critical path is at the core of
RBS, while this uncertainty is not eliminated by relating the
transmitter (reference) and the receiver times in the model 1 .
The model used herein is different from the one of Sari et
al. It allows to directly estimating relative parameters without
using or refering to the reference clock. This faithfully reflects
RBS concept.
III. N ETWORK AND SYNCHRONIZATION M ODEL
The network model is presented in this section. Without
loss of generality, a wireless mesh network is considered. The
proposed RBS-extension, as well as the estimators proposed
in next section, apply to any wireless network with the nodeheterogeneous feature. Only the wireless segment of the mesh
network is considered. The network architecture is depicted
on Figure 1. Multiple nodes are supposed to act as reference
broadcasters to cover the network area. A simplified projection
would be a single-hop WLAN with a single reference. In
the general mesh network configuration, the reference can be
a base-station, an access point, a sink, or even a dedicated
hardware for synchronization signal broadcasting. The solution
makes abstraction of this entity and applies to all configurations. Within each reference’s coverage area, there are
several ordinary nodes and mesh routers. The ordinary nodes
may range from laptops, to PDA and cell-phones, to sensor
motes. This makes them completely heterogeneous in terms of
computation and bandwidth. Therefore, the expected reception
delay of synchronization signals would vary from a node to
another. Let denote the coverage area of a reference, say R,
by CovR . A node located within two or more references’
coverage areas is termed a potential synchronization gateway.
A gateway can be either a mesh router or a regular node,
as long as it acts as a router 2 . A sequence of gateways
ensuring continuous coverage can be used to synchronize
remote nodes. For instance, nodes n1 and n2 in figure 1, which
can be either regular nodes or mesh routers, do not belong to
coverage area of any common reference. However, they may
get synchronized through gateways g1 and g2 . Suppose for
now that nodes within a single reference’s coverage area to be
1 Refer to Eq. 1 and 2 in [10, p. 1], v
x,λx , vy,λy would be the noise
(variable delay) due to both transmission and reception. This adds transmission
delays to the time critical path
2 Note that regular nodes also act as routers in mesh networks

able to synchronize using RBS (detailed estimators for this heterogeneous environment will be provided in the next section).
Nodes n1 , g1 , (respectively n2 , g2 ) can directly synchronize
through R1 (respectively R3 ). On the other hand, gateways,
g1 , g2 , can synchronize through R2 . So it would be possible
to convert time at n1 to that at n2 . This can be generalized to
larger areas with employment of several gateways. Generally
speaking, it is sufficient to have a sequence of references R1 ,
R2 , Rk−1 , and gateways, n2 , n3 , nk−1 , such that:
∀i ∈ {1, ..., k−1}, ni , ni+1 ∈ CovRi , where n1 and nk denote
synchronizing nodes. In the following, a general synchronization model is provided to explain how time convergence can
be achieved, assuming the previous condition holds. Consider
time conversion at node n1 to the time of node nk ; the same
process is to be performed for the opposite direction. Note
ni →nj
tni the time of node i, read with its local clock, and Θskew
,
ni →nj
(respectively Θof f set ) the relative skew (respectively offset)
relating node ni to nj. Time reading of nodes can therefore
be related by:
nk−1 →nk
n
→nk
tn k =
Θskew
tnk−1 +
Θofk−1
f set
nk−2 →nk−1
nk−2 →nk−1
tnk−1 = Θskew
tnk−2 + Θof f set
.
.
.
.
.
.
n1 →n1
1 →n2
tn 2 =
Θnskew
tn1 +
Θof
f set
By successive substitutions of tni expressions in the previous equations (i ∈ k − 1, ..., 2), it results,
k−1
∏ n →n
i
i+1
tnk =
Θskew
tn 1 +
i=1
k−2
∑ k−2
∏

[(

i=1

n

→nj+2

j+1
Θskew

n →n

n
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)Θofi f seti+1 ] + Θofk−1
f set

,

(1)

j=i
n →n

n →n

i
j
Once each of (Θskew
, Θofi f setj ) parameters are estimated,
it would be straightforward to node n1 to use its own reading
(tn1 ) to estimate the corresponding time at node nk , say tnk .
Each gateway should provide the synchronizing nodes with
ni →nj
n →n
its estimate of the appropriate parameters (Θskew
, Θofi f setj ).
A high level of abstraction is made to the protocol stack,
and any routing protocol may be used. The only condition
to be checked for route selection is that at each hop, the
downstream and upstream nodes must belong to at least one
common reference’s coverage area. That is, to avoid reference
coverage disconnection. Gateways will be those routers having
different (disjoint) reference share, between their upstream and
downstream links. It has been shown how to ensure global
synchronization once local one is ensured. Now it remains to
tackle local synchronization, and define estimation method for
the relative skews and offsets between nodes belonging to the
coverage area of a common reference.

IV. S KEW /O FFSET E STIMATION
Estimation of relative skew and offset between two nodes,
say u and v, located in the coverage area of a common
reference is considered. I.e, node v’s estimate of relative
parameters relating its clock to that of u. The reference
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broadcasts K signals, then the corresponding reception times
are to be used by the two nodes as a sample for estimation. Let
tu,i and tv,i , i = {1..K}, denote the ith sample’s element (ith
signal reception time) of u and v, respectively. Each signal
will inevitably experience some delay at each node before the
reception event is timestamped. The delay can be decomposed
to fixed portion (time necessary for decoding, memory access,
etc.), and a variable portion (latency due to operating system
schedule, network interface behavior, etc.) [4]. Let dui (respectively dvi ) denote the fixed portion of the i’th signal at node
u (respectively v), and Xui (respectively Xvi ) the variable
portion f the i’th signal at node u (respectively v). Times tu,i
and tv,i can be related by,
v→u
tu,i = Θv→u
skew tv,i + Θof f set + dui + Xui − (dvi + Xvi ).
For simplicity, remove upper indices from the previous
parameters, and denote Xui − Xvi by Xi , and dui − dvi by
di . The previous equation yields,
Xi = tu,i − Θskew tv,i − Θof f set − di ,

(2)

Each node is supposed to know its fixed delay. Random delays are supposed to be identical distributed random variables
(idrv), but with parameters that may change from a node to
another (given the node heterogeneity). In this paper, Gaussian
distribution is considered. Suppose Xui ∼ N (µ1 , σ12 ) and
Xvi ∼ N (µ2 , σ22 ). Consequently, Xi ∼ N (µ1 − µ2, σ12 + σ22 ),
since it is the difference of two independent and idrv following
a Gaussian distribution. Nodes are supposed to separately
acquire their respective parameters (µi , σi ), at device equilibration phase or network initialization phase. These parameters
related to the variable delay, as well as fixed delays, are
exchanged between synchronizing nodes (either directly or
using the appropriate routing protocol if needed). In the
following, µ refers to µ1 − µ2 and σ 2 to σ12 + σ22 .
The likelihood function, L(Θskew , Θof f set |X1 , ...XK ), is,
K
∏
−1
2
1
√
L(Θskew , Θof f set |X1 , ...XK ) =
e 2σ2 (Xi −µ)
2πσ 2
i=1

= (√

−1
2σ 2

1
2πσ 2

)K (e

K
∑

b skew ) ≥ (I −1 )1,1
V ar(Θ

(tu,i − Θskew tv,i − Θof f set − d − µ)2

(I −1 )1,1 =

).

i=1

(3)

Kσ 2
K
K
∑
∑
K
t2v,i − (
tv,i )2

Then the log-likelihood is,

i=1

K
1 ∑
− 2
(tu,i − Θskew tv,i − Θof f set − d − µ)2 .
2σ i=1

σ2

(4)

(I −1 )2,2 =

b mle , Θ
b mle ) =
Since (Θ
skew
of f set
(5)

the estimators may be obtained by differentiating the loglikelihood function with respect to each parameter and
vanishing each derivative. I.e., resolving the system of
equations,

∂ ln L(Θskew ,Θof f set |X1 ,...XK )
∂Θof f set

= 0.

The resolution of the previous system yields,
b mle =
Θ
skew
K

K
∑

tv,i (tu,i − d − µ) −

i=1

K

K
∑

t2v,i

i=1
K
∑

b mle
Θ
of f set =

K
∑

tv,i

i=1
K
∑

−(

K
∑

(tu,i − d − µ)

i=1

tv,i )

,

(6)

2

i=1

b mle
tu,i − Θ
skew tv,i − d − µ

i=1

K
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.

(7)

t2v,i

t2v,i

(10)

K
∑
−(
tv,i )2
i=1

B. Simulation
To evaluate the proposed estimators and compare them
with the theoretical bound (CRLB), a MATLAB simulation
has been carried out. The mean square error (MSE) of the
proposed estimators (MLE) and CRLB have been measured.
The error in MSE refers to the difference between real value
and the estimated one, and depicts the estimator’s precision.
First, the number of signals (sample’s size) used for the
estimation has been varied to measure the MSE, while µ1
and µ2 have been fixed to 1 and 2 ms (respectively), i.e. µ
fixed to 1 ms. Then the number of signals have been fixed
to its average value (50), and µ have been varied from 0
to 100ms. Each point of the plots presented herein is the
average of 105 measurements. Figures 2, 3 show that both
estimators quadratically converge to the CRLB, and to zero, as
the number of signals (signals) increases. They converge very
fast, notably the skew estimator (Figure 2) whose difference
from the CRLB is almost invisible even with the logarithmic
scale. Figures 4 and 5 show that the MSEs are unaffected by
the increase of µ, and thus such is the estimators’ precision.
They also confirm low difference from the CRLB, which is at
the order of 10−2 for the offset and 10−5 for the skew.
1

A. Cramer-Rao Lower-bounds (CRLB)

MLE
CRLB

0.1
Mean square error (MSE)

The CRLB has been chosen to compare with as it represents
the lower bound of mean square errors (MSE), or variance,
for all unbiased estimators. In the following, the CRLB
for both skew and offset estimators will be calculated. It
will be used later for comparison as a theoretical optimum.
The CRLB of the vector, [Θskew , Θof f set ]T , denoted in the
following by [Θ1 , Θ2 ]T , can be calculated from the inverse
of the 2 × 2 Fisher information vector, I −1 . I is defined by,
Ii,j =

K
∑
i=1

argmax(log L(Θskew , Θof f set |X1 , ...XK )),

K
∑
i=1

K

= 0,

i=1

b of f set ) ≥ (I −1 )2,2
V ar(Θ

1
log L(Θskew , Θof f set |X1 , ...XK ) = K log( √2πσ
)
2

∂ ln L(Θskew ,Θof f set |X1 ,...XK )
∂Θskew

(9)

0.01

0.001

0.0001

1 ,Θ2 ) ∂ ln L(x,Θ1 ,Θ2 )
E[ ∂ ln L(x,Θ
]
∂Θi
∂Θj

∂ 2 ln L(x, Θ1 , Θ2 )
)].
= −E[(
∂Θi ∂Θj

1e-05
0

10

(8)

Derivatives may be calculated from Eq. 4, to obtain I −1 .
The bounds of the estimators are,
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calculate the estimate) increases. They also show that the
precision is unaffected by the increase of reception delay
difference, which reflects the degree of heterogeneity. This
confirm the suitability of the estimators to heterogeneous
environments. Evaluating the precision of the estimators in
multi-hop scenario is a perspective to this work. Considering
other delay distribution- such as exponential delays- is also
a potential perspective. Finally, note that the MLE when the
delays’ means are unknown does not exist, as the likelihood
function does not have a unique maximum. Defining other
estimators- that may be biased- is another perspective.
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VI. C ONCLUSION
The use of reference broadcast synchronization (RBS) in
general heterogeneous wireless networks has been considered
in this paper. RBS ensures high precision by eliminating the
sender’s uncertainty from the critical path. A model for mesh
networks has been defined, which extends to any wireless
multi-hop heterogeneous network. The model generalizes RBS
to multi-hop synchronization, and considers delay variation
between nodes caused by the heterogeneity of the nodes
and the environment. In contrast to state-of-the-art RBS estimators for the joint skew/offset model, the proposed ones
enable to directly estimate relative parameters between nodes
without turning to synchronizing to the reference. This accurately translates RBS principle (receiver/receiver synchronization paradigms). Using the proposed model, maximum
likelihood estimators (MLEs) for the skew and offset have
been calculated, as well as the corresponding Cramer-Rao
lower bounds (CRLB). The later is the theoretical bound
for the precession of any unbiased estimator. The estimators
have been numerically compared to their respective CRLB.
Results demonstrate fast and quadratic convergence of the
estimators as the sample size (number of signals used to
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