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Abstract

We present some impossibility as well as feasibility re-
sults on clock synchronization in wireline or wireless net-
works. We consider a network of n nodes with affine
clocks, where one node is taken as a reference, and each
other node’s clock is described by a skew (relative speedup
with respect to the reference clock), and an offset (say) at
time 0 with respect to the reference clock. In order to
establish impossibility results, we allow for noiseless com-
munication of messages that may contain any information
that the transmitting node knows about current or past
packets that the node has sent or received. The synchro-
nization problem consists of estimating all the unknown
parameters, skews and offsets of all the clocks, as well as
the delays of all the communication links.

We show that, in general, estimation of all unknown
parameters is impossible. We show that all nodal skews,
as well as all round trip delays between every pair of nodes,
can be estimated correctly. However, the unknown link
delays and clock offsets can only be determined up to an
(n−1)-dimensional subspace. Each degree of freedom in
this subspace corresponds exactly to the offset of one of
the n−1 clocks with respect to the reference node’s clock.

On the positive side, we show that every transmitting
node can predict precisely the time indicated by the re-
ceiver’s clock at the instant it receives the packet. If we
further invoke causality, i.e., that packets cannot be re-
ceived before they are transmitted, the uncertainty set
above can be reduced to a compact polyhedron in Rn−1,
which we describe analytically.

We also consider a specific model for delays as the sum
of a transmitter-dependent delay, a receiver-dependent
delay and a propagation delay where the latter is known.
We identify conditions on the transmission and reception
delays, for which estimation admits a unique solution.
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1. Introduction

Distributed clocks generally don’t agree. Yet, several ap-
plications in sensor networks and networked control, as well
as scheduling in wireless networks, are grounded in accurate
time synchronization. This motivates the study of clock syn-
chronization over communication networks.

Nodes often need to act in a coordinated fashion in
wireless sensor networks or networked control, and accu-
rate knowledge of the exact time is important. Applica-
tions include closing control loops in a decentralized sys-
tem and slotted protocols in communication networks. In
sensor networks, time synchronization requirements are om-
nipresent; in tracking, target localization, data fusion and
power-efficient duty-cycling. As we head towards the era of
event-cum-time driven systems featuring the convergence of
computation and communication with control, the need for
well-synchronized clocks becomes vital, affecting both QoS
and safety.

The specific problem we consider is the characterization
of the extent to which synchronization is feasible. We con-
sider clocks which run at constant, but not necessarily iden-
tical speed. Thus, each clock is characterized by its “skew,”
i.e., relative speed with respect to a reference clock, as well as
an “offset,” i.e., the time difference from the reference clock
at a particular time, which, for convenience, we take to be
the time 0 of the reference clock. Thus, we consider affine
clocks.

Nodes can exchange packets containing any information.
We suppose that packets suffer delays dependent on the
transmitter-receiver communication pair; since operating sys-
tems, computational loads, CPUs, etc. can vary across plat-
forms. We allow for noiseless communication where laten-
cies in packet transfer are deterministic and time-invariant
but unknown. It is important to note that we allow for noise-
less communication as well as deterministic delays in time-
stamping and communication latency since impossibility re-
sults proved under such idealistic conditions delineate the
fundamental limitations more clearly.

We show that all skews can be perfectly determined. How-
ever, the delays of links and offsets of nodes cannot be ex-
actly determined. Specifically, the vector of all link delays
and node offsets can only be characterized up to a translation
of an (n− 1)-dimensional subspace, where n is the number
of nodes. In fact, we show that these n− 1 indeterminable



parameters can be regarded as the nodal offset estimates.
If we further invoke causality, that packets cannot be re-

ceived before they are sent, then the uncertainty region can
be characterized as a compact polyhedron with non-empty
interior. We also address the case where link delays have the
structure of being the sum of a transmitter-specific delay, a
receiver-specific delay, and a known electromagnetic propa-
gation delay.

The rest of the paper is organized as follows. In Section
2 we summarize related literature on clock synchronization.
In Section 3, we introduce the affine model for the clocks
and the assumptions for the delays. In Section 4, we describe
the problem formulation, providing a formal description of
the inter-node communication, and generalize an impossibil-
ity result for the case of two clocks that was presented in [2].
In Section 5, we prove that with no further assumption on the
unknown delays, estimating the offsets is impossible for any
network topology and by any communication scheme. We
show that while skews can be reliably estimated, offsets in-
volve an inherent indeterminacy. In Section 6, we study the
feasibility when the delays have an additive decomposition in
terms of transmit, receive and propagation latencies.

2. Related Literature

In a distributed system like a wireless network, ordering
of events is crucial. Lamport [3] shows how to causally order
events by defining the notion of virtual clocks. In applica-
tions of networked control and sensor networks, a variety of
algorithms have been suggested for synchronization. In most
cases, the time difference between clocks is captured by ex-
changing time-stamped packets, or “pings,” between nodes.

The Network Time Protocol (NTP) [7] is a widely used
hierarchical protocol implemented to synchronize clocks in
large networks like the Internet. NTP provides accuracy in
the order of milliseconds ([7], [9]) by typically using GPS to
achieve synchronization to external sources that are organized
in levels called stratums. While this accuracy is sufficient
for most applications, wireless sensor network applications
typically require precision in the order of microseconds (µs).
Moreover, in some cases, e.g., indoors, or during solar flares,
GPS may be unavailable.

Sensor network protocols like the Reference Broadcast
Synchronization (RBS) and Flooding Time Synchronization
Protocol (FTSP) have been developed for this reason. RBS
[8] uses transmissions from an intermediate node to synchro-
nize nodes that receive it, by recording and exchanging the
receipt times so as to estimate the receiving nodes’ clock dif-
ferences. It does not make use of time-stamping, but relies on
the physical broadcast channel to attain precision within 11
µs. In FTSP [9], the MAC time-stamping capabilities are ex-
ploited and linear regression is used to compensate for clock
drifts; the precision is in the order of 10 µs.

Karp, Elson, Papadimitriou and Shenker [6] study funda-
mental properties of minimum variance estimates, present al-
gorithms, and analyze the performance in different network
topologies. Solis, Borkar and Kumar [4] and Giridhar and

Kumar [5] have designed and implemented a fully decentral-
ized asynchronous algorithm for least-squares estimation of
offsets from a reference node, using information about pair-
wise time differences.

3. Model for Clocks and Delays

3.1. Affine Model for Clocks

In general, no two clocks agree. Throughout this paper,
we will assume a simple model of affine clocks with constant
skew. Denoting the time of a fixed reference clock as t, we
will assume that the display of a clock j in the network at
time t, denoted by t j(t), satisfies

t j(t) := a jt +b j. (3.1)

We call the ratio of the frequencies of the two clocks a j as
the skew, while the difference in their displays will be re-
ferred to as the offset at a particular instant. Above, b j is the
offset of clock j at time 0. An affine clock can thus be repre-
sented by the pair of parameters (a j,b j), considered constant
time-invariant parameters. We suppose that a j > 0, since, in
practice, skew takes values very close to 1.1 On the contrary,
offsets are sign-indefinite so no constraints are imposed on
the values of b j.

We will fix the reference node to be node 1; hence a1 :=
1,b1 := 0. A useful formula that provides time translation,
between two clocks i and j is

t j =
a j

ai
ti +b j −

a j

ai
bi. (3.2)

3.2. Model for Delay

We will suppose that whenever a packet is sent by node i, it
is received by node j after a delay of di j time units (measured
in the time units of the reference clock). The delays {di j}
are assumed to be unknown but fixed. We allow di j 6= d ji
and di j 6= dik, since by the word “delay” we mean not only
the electromagnetic propagation delay, but also the delay in-
curred by a packet after it is time-stamped, but before it is
transmitted by a node, as well as the delay after it is received
but before the time-stamping.

4. Pairwise Synchronization of Two Clocks

We begin with the result of Graham and Kumar [2] and
further analyze the specifics of pairwise clock synchroniza-
tion. Let clock 1 (the reference) and clock j be the only two
clocks in the system. We consider a sequence of exchanges of
time-stamped packets between the reference node 1 and node
j. First, we recapitulate the result of [2] that it is impossible
to estimate all the unknown parameters, {a j,b j,d1 j,d j1}.

1 Our analysis essentially requires only that a j 6= 0; the only place where
a j > 0 is used is when studying causality.



Figure 1. Message exchanges between two nodes

As shown in Figure 1 (note than in this case i = 1), the two
nodes are allowed to communicate repeatedly by exchang-
ing time-stamped packets. In the k-th packet, the transmitting
node includes its current transmission time, denoted by s(i, j)

k ,
as measured by its clock just before the transmission. Upon
receiving this packet, the receiving node records the time (ac-
cording to its local clock) just after it receives the packet, de-
noted by r(i, j)

k . When it is unambiguous, as in this section and
Figure 1, the superscripts are dropped. For simplicity of no-
tation suppose that odd messages (k odd) correspond to node
i transmitting to node j, while even messages (k even) corre-
spond to j transmitting to i.

We allow for any packet to contain information about all
the past receipt times of all prior packets as recorded at that
node, so that each node contains a full log of the trans-
mit/receipt times of packets between them. Equivalently, we
can suppose that there is a “genie” that has access to all trans-
mit and receipt times for all packets, as recorded by their re-
spective clocks.

Theorem 1 (Impossibility of Pairwise Synchronization, [2]).
Even under noiseless communication of an infinite number of
packets between the two nodes, estimation of all skew, offset
and the two delays is impossible.

Proof. Note that by (3.1), if we denote the translation of node
j’s time t j to the reference time t by L (t j), then

L (t j) := t =
t j

a j
−

b j

a j
. (4.1)

We have (see also Figure 1)

k odd: L (rk) = sk +d1 j, (4.2)
rk = a jL (rk)+b j, (4.3)

k even: rk = L (sk)+d j1, (4.4)
sk = a jL (sk)+b j. (4.5)

Substituting (4.2) into (4.3), and (4.4) into (4.5), we get

k odd: rk = a jsk +a jd1 j +b j, (4.6)
k even: sk = a jrk −a jd j1 +b j. (4.7)

In order to obtain equations that are linear in un-
knowns, we consider a nonlinear parametrization,

{a j,a jd1 j,a jd j1,b j}, of the unknowns in the estimation
problem:

r1
s2
r3
s4
...

 =


s1 1 0 1
r2 0 −1 1
s3 1 0 1
r4 0 −1 1
...

...
...

...




a j
a jd1 j
a jd j1

b j

 . (4.8)

Denoting2 the vector on the LHS above by y, the matrix on
the RHS by A, and the vector on the RHS by x, we have y =
Ax. We observe that y,A contain known information based
on the time-stamps, while x is the vector of the unknowns.

By the fact that the measurements are noiseless, we know
that there exists a solution of y = Ax. A necessary and suf-
ficient condition for this solution to be unique is that the
infinite-dimensional matrix A have full-rank, i.e., rank 4.
However, in this case, the fourth column of A is the differ-
ence between the second and the third column, and so A has
rank at most 3.

Remark 1.1 The first three columns of matrix A in (4.8)
are linearly independent if and only if not all odd (respec-
tively even) entries are the same. Hence the rank of A is con-
sidered, w.l.o.g., in the sequel to be exactly 3.

Since the above system does not admit a unique solution,
it is useful to study the structure of the feasible solution set of
the parameters since it represents the uncertainty set. By the
fact that the matrix under study has rank 3 while the number
of the unknown parameters is 4, and because the noiseless
measurements and time invariance of the parameters guar-
antee consistency, we can restrict our attention to the 4× 4
principal submatrix of A, which yields the system

r1
s2
r3
s4

 =


s1 1 0 1
r2 0 −1 1
s3 1 0 1
r4 0 −1 1




a j
a jd1 j
a jd j1

b j

 . (4.9)

Note that (4.9) is equivalent to the full system (4.8), which
shows that only four alternating communication pings suffice.
For convenience, we denote the finite linear system in (4.9) as
y = Ax.

The following theorem characterizes precisely what infor-
mation is deducible and what the structure of the residual un-
certainty is. For the remainder of this paper, we use “ ˆ ” as a
superscript to denote estimates of unknown quantities, and “
* ” to refer to known quantities derived from the data.

Theorem 2 (Characterization of the Uncertainty Set in Pair-
wise Synchronization). In pairwise synchronization:

1. The skew can be estimated correctly.

2. The vector of offsets and delays can only be character-
ized up to a translated one-dimensional subspace of R3

parametrized by the estimate of the unknown offset. Any
2 By convention, we denote infinite-dimensional vectors and matrices

with boldface.



point in this translated subspace satisfies (4.8), i.e., is
consistent with the data.

3. The round-trip delay can be estimated precisely.

4. If we further use knowledge of causality, that packets
cannot be received before they are sent, and also that
all skews are strictly positive, then the uncertainty in the
offset set reduces to an interval, whose length is propor-
tional to the round-trip delay.

Proof. The null space of the matrix A in (4.9) is the subspace
of R4 spanned by the vector nA = (0,−1,1,1)T . It follows
immediately that the skew can be determined without error.
Since the null space is one-dimensional, there is exactly one
degree of freedom in this solution. We set this one degree
of freedom equal to the offset estimate. If we do so and
solve for the remaining unknowns, we see that any solution
(â j, â jd̂1 j, â jd̂ j1, b̂ j)T of (4.9) satisfies

â j

â jd̂1 j

â jd̂ j1

b̂ j

 =


a∗j

a∗jd
∗
1 j

a∗jd
∗
j1

0

+ b̂ j


0
−1
1
1

 , (4.10)

where

a∗j :=
r3− r1

s3− s1
=

rk+2− rk

sk+2− sk
= a j, (4.11)

a∗jd
∗
1 j := r1−a js1 = r2k+1−a js2k+1, (4.12)

a∗jd
∗
j1 := a jr2− s2 = a jr2k+2− s2k+2, (4.13)

b̂ j ∈ R (free parameter). (4.14)

The rest of the results follow from the above characterization.
In particular, the parameter a∗j is the unique estimate con-

sistent with the data, and hence the correct estimate of the
skew a j.

Now, adding the delay estimates d̂1 j, d̂ j1 gives

d̂1 j + d̂ j1 = d∗1 j +d∗j1, (4.15)

where the RHS is deducible from the measured time-stamps.
Last, invoking causality, is equivalent to imposing the con-

straints d̂1 j ≥ 0, d̂ j1 ≥ 0. This and a j > 0 yield

b̂ j ∈ [−a∗jd
∗
j1,a

∗
jd
∗
1 j]. (4.16)

By the above characterization of the estimates, an interest-
ing result surfaces:

Lemma 3 (Prediction of the Receiving Time by Transmitter).
The sending node can determine precisely the time, as mea-
sured by the receiver’s clock, at which the receiving node will
receive a sent packet.

Proof. Manipulation of (4.6), (4.7), and (4.10) yields

k odd: rk = a∗jsk +a∗jd
∗
1 j, (4.17)

k even: rk = 1
a∗j

sk +d∗j1. (4.18)

where all the quantities on the RHS are deducible.

When predicting such times, the indeterminacy of offset
and delays mutually cancel. This is an important property
since predictability of receipt times can be used to measure
the accuracy of clock synchronization algorithms.

Since the parameter estimation problem does not allow a
unique solution for the vector of offset and delays, it is of
interest to determine simple additional conditions that will
allow precise characterization of offset and delays.

Theorem 4 (Sufficient conditions for uniqueness of solution).
All the parameters {a j,b j,d1 j,d j1} can be uniquely deter-
mined if any one of the following conditions holds:

1. The offset b j, or one of the delays d1 j or d j1, is known.

2. There is a known affine relationship between the delays
in the two directions, i.e., there exist α 6= −1,β known,
such that d j1 = αd1 j +β .

Proof.
The first part follows directly from the fact that both delays
are known invertible (since a j 6= 0) affine functions of the off-
set b j (4.10), and the sum of the delays is known (4.15). For
the second part, knowing the sum of the two delays, and an
additional linearly independent (since α 6= −1) affine rela-
tion between them, yields each of them, and, consequently,
the offset.

Remark 4.1 Symmetry, d1 j = d j1, is a special case of Theo-
rem 4.2.

5. Network Clock Synchronization

Now we turn to the case of networks. We consider a net-
work of n nodes where, again by convention, node 1 is con-
sidered to be the reference node.

From the results of the previous section, it follows imme-
diately that synchronization is infeasible in the scenario that
all nodes are only allowed to bilaterally exchange packets
with the reference node, regardless of the actual number of
the packets to be exchanged. This is equivalent to having in-
dependent parallel pairwise synchronizations of all the nodes,
i.e., a star synchronization graph. Note also that in the case
of a star graph, there are exactly n− 1 degrees of freedom
in the uncertainty set, corresponding to the estimates of the
unknown offsets of the n− 1 clocks with respect to the ref-
erence clock. The delay estimates are characterized as affine
functions of these offset estimates.

However, in the multi-node case, it is not trivial to see what
is or is not determinable when the nodes are allowed to col-
laborate. Hence, it is interesting to analyze the case where
all nodes are allowed to exchange packets bilaterally, i.e., to
study the case of a complete synchronization graph. We will
show that even such full collaboration leads to exactly the
same uncertainty set as the star graph, thus proving that the
indeterminacy set is the same for intermediate sets of collab-
orations, as well. In fact, Theorem 6 proves that this is so
when the set of links, for which the pair of nodes at the ends



of each link exchange packets, constitutes a connected graph
and includes every node in the network.

The parameter estimation problem in this setting becomes
nonlinear, when communication between nodes other than the
reference node is enabled. This can be seen from the nonlin-
ear dependency of (3.2) on the unknown parameters {a j,di j}.
Nonetheless, the results of the above section carry over to this
case through the following corollary.

Corollary 5 (Pairwise Synchronization between two nodes
other than the reference node). In pairwise synchronization
between two nodes i, j neither of which is the reference node,
the same impossibility results and structure of the solution
presented in the previous section hold, with the relative skew
a j
ai

taking the place of the skew a j, and the relative offset b j−
a j
ai

bi in place of the offset b j.

Proof. Using equation (3.2) for time translation between
nodes i and j, Figure 1, and the same line of reasoning as
in Theorem 1, we get

r(i, j)
1

s(i, j)
2

r(i, j)
3

s(i, j)
4
...

 =


s(i, j)

1 1 0 1
r(i, j)

2 0 −1 1
s(i, j)

3 1 0 1
r(i, j)

4 0 −1 1
...

...
...

...




a j
ai

a jdi j
a jd ji

b j −
a j
ai

bi

 .

(5.1)
Therefore the previous results continue to hold for this new
parametrization.

We consider a 4× 4 system of rank 3, derived from (5.1)
by considering four distinct communication pings. For com-
pactness of representation we denote this system by

y(i, j) = A(i, j)x(i, j). (5.2)

Observe that the unknowns are ai,bi, i = 2,3, . . . ,n and
di j, i, j = 1,2, . . . ,n, i 6= j, for a total of 2(n−1)+n(n−1) =
(n+2)(n−1) unknown parameters.

The following theorem establishes the fundamental result
that without any further assumptions, clock synchronization
is impossible in a network of n collaborating clocks. It also
demonstrates that the feasible solution set is a fully character-
ized polyhedron.

Theorem 6 (Infeasibility of Clock Synchronization in Net-
works and Polyhedral Structure of Feasible Set). Consider a
network of n nodes where from every node i there is a path
to node 1 consisting of links such that every pair of nodes
connected by a link, bilaterally exchange packets.

(i) It is impossible to estimate all (n + 2)(n− 1) unknown
parameters ai,bi, i = 2,3, . . . ,n, and di j, i, j = 1,2, . . . ,n,
i 6= j, even under noiseless, infinitely many communica-
tion pings between all pairs of nodes.

(ii) However, all the skews {ai : 2 ≤ i ≤ n} can be estimated
correctly.

(iii) All the unknown delays {di j} can be expressed as known
affine combinations of only n−1 variables {b̂i : 2 ≤ i ≤
n}, which can be regarded as estimates of the unknown
offsets bi. Any choice of these estimates is consistent
with the data of all transmit and receipt times of all pack-
ets.

(iv) If causality is also exploited, the feasible set for the esti-
mates {b̂i : 2 ≤ i ≤ n} of the offset parameters {bi : 2 ≤
i ≤ n} can be fully characterized as a compact polyhe-
dron of Rn−1 with a non-empty interior.

Remark An important consequence is that the star graph is
still feasibility-optimal in the sense that it results in the exact
same uncertainty set for the parameters, if causality is not in-
voked. If causality is additionally taken into account, then the
collaborations do help to reduce the size of the uncertainty
set.

Sketch of proof. The complete proof can be found in [1].
Here we highlight the key points in five steps:

1. Multiplying the relative skews along a spanning tree
rooted at the reference node allows us to estimate all nodal
skews; this establishes (ii).

2. Introduce the following nonlinear over-parametrization:

• { a j
ai

,a jdi j,a jd ji,b j−
a j
ai

bi} for i = 2,3, . . . ,n, and j = i+
1, i+2, . . . ,n,

• {a j,a jd1 j,a jd j1,b j} for j = 2,3, . . . ,n.

This involves four unknowns per communication link, for a
total of 2n(n−1) in the case of a complete graph. This intro-
duces an additional (n−1)(n−2) redundant parameters.

3. The new system is linear and fully decoupled in the
communicating pairs. For each bilateral communication link,
every solution to the estimation of the relative skew and the
link delays is of the form

(̂ a j
ai

)

(̂a jdi j)
(̂a jd ji)
̂(b j −

a j
ai

bi)

 =


( a j

ai
)∗

(a jdi j)∗

(a jd ji)∗

0

+ θ̂i j


0
−1
1
1

 , (5.3)

where the one degree of freedom, denoted by θ̂i j, corresponds
to the estimate of the relative offset b j −

a j
ai

bi. If we denote

this system by x̂(i, j) = x∗(i, j) + θ̂i jnA, then the solution for the
entire network takes the following matrix form


x̂(1,2)

...
x̂(i, j)

...
x̂(n−1,n)


=



x∗(1,2)

...
x∗(i, j)

...
x∗(n−1,n)


+ θ̂12



nA
...
0
...
0


+ · · ·+ θ̂i j



0
...

nA
...
0


+ · · ·+ θ̂n−1,n



0
...
0
...

nA


,

(5.4)

where 0 := (0,0,0,0)T .
4. We exploit the redundancy in the parametrization. Since

all skews are deducible, for offset consistency we need that



θ̂i j := ̂(b j −
a j
ai

bi) = b̂ j −
â j
âi

b̂i = b̂ j −
a j
ai

b̂i, i.e., we obtain a
known linear expression of θ̂i j with respect to the nodal offset
estimates {b̂ j}n

j=2. All unknown delays and relative offsets
are affine functions of the nodal offsets. This proves (i) and
(iii).

5. Causality is equivalent to di j ≥ 0. Using also ai > 0, we
obtain

−a jd∗ji ≤ b̂ j −
a j

ai
b̂i ≤ a jd∗i j, (5.5)

which combined with (4.16) yields the feasible set as a com-
pact polyhedron which has a non-empty interior iff all round-
trip delays are strictly positive.

6. Analysis of a Structured Model for Delays

We now address the case where the delay has additional
structure. Let us suppose (see also [10] and [9]) that the delay
in the directed communication pair (i, j), di j, consists of the
sum of three terms:

1 . A transmission delay αi which accounts for the pro-
cessing time in the transmitter after time-stamping. This is
assumed to be fixed and transmitter-dependent.

2. An electromagnetic propagation delay τi j which can be
estimated correctly, say by GPS, or other position informa-
tion.

3. A receiving delay β j which accounts for the process-
ing time in the receiver before time-stamping. This is also
assumed to be fixed and receiver-dependent.

To sum up, the model for delay is

di j = αi + τi j +β j, i, j = 1,2, . . . ,n and i 6= j. (6.1)

However it can be seen that adding ε > 0 small enough
to all αi’s and simultaneously subtracting the same value ε

from all βi’s, will make no difference. Hence, in general, this
structured delay model is still unsolvable.

We can also consider the case where there is an unknown
affine relation between the transmission and receiving delays,
i.e., αi = γβi + δ for all nodes, where the parameters γ,δ
are unknown and γ ≥ 0. For each fixed pair (γ,δ ), we ob-
tain a known affine characterization of the asymmetry, hence
there exists a unique solution, by Theorem 4. As one ranges
over various γ > 0, and δ , one obtains an uncertainty set
parametrized by two degrees of freedom, namely γ,δ .

An interesting special case is when δ = 0. This corre-
sponds to the case where nodes run at a constant but unknown
speed, and transmission and receiving delays are simply in-
versely proportional to the speed of the processor at the node.
In this case, the uncertainty set is parametrized by a single
degree of freedom, γ > 0.

A more general analysis of affine structured models for
delays can be found in [1].

7. Concluding Remarks

We have characterized what is fundamentally feasible and
infeasible in synchronizing affine clocks over a wired or wire-
less network. The main result is that the estimation of the

unknown parameters offsets and delays is, in general, impos-
sible, though the skews can be estimated correctly. This re-
sult has been established under the most favorable scenario
of noiseless time-stamping, and therefore, continues to hold
when noisy measurements are made. We have also character-
ized the uncertainty set. The delays can be estimated up to the
unknown nodal offsets, with the latter being indeterminable
parameters. Moreover, invoking causality, we have shown
that the offset vector lies in a completely characterized com-
pact polyhedron with non-empty interior. If there is a known
asymmetry in the delays that can be affinely characterized,
a unique solution exists. Last, we have studied the special
case where the delay has structure as the sum of transmission
and receiving delay plus a known electromagnetic propaga-
tion time, and provided sufficient conditions for uniqueness
of solution.
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