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I. INTRODUCTION

In the past decade, there has been a significant growth in the usage of wireless networks,
and in particular, cellular networks, because of the increased data demands. This has been the
driver of recent research for new ways of managing interference in wireless networks. Due to
the superposition and broadcast properties of the wireless medium, interfering signals pose a
significant limitation to the rate of communication of users in a wireless network. Hence, it is
of interest to understand the fundamental limits of communication in interference networks.

In this survey, we review results on lower and upper bounds for the minimum number of
communication rounds needed to simulate the following functions in a wireless network. The
first is the broadcast problem where it is needed for a source to deliver its message to all
remaining nodes in a multi-hop network. The second is the message passing model where each
node can deliver a possibly different message to all its neighbours in a single-hop network. The
third is the synchronization problem where all nodes need to agree on a global round numbering
scheme in an asynchronous activation model.

We only consider interference-avoidance-based schemes. A transmitter can successfully deliver
its message to a receiver if and only if no other transmitter connected to the same receiver is
active, thereby, ignoring the effect of channel noise as well as the possibility of managing inter-
ference through clever coding schemes. We also assume the absence of any collision detection
strategy where transmitters can detect other neighbouring active transmitters. We think that the
reason behind these common simplifications in the reviewed results is the lack of a systematic
abstraction of existing interference management techniques into network combinatorial problems,
and it would be interesting for future work to consider the reviewed problems in light of more
sophisticated communication theoretic ideas like multiple-access encoding strategies as well as
recent advances in wireless infrastructure like the presence of backhaul links that allow for
cooperative transmission.
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A. Document Organization

In Section II, we review results on the broadcast problem. The case where all nodes are aware
of the network topology is discussed in Section II-A and the case where each node is aware only
of its own label as well as its neighbours’ is discussed in Section II-B. We then review results on
single round simulations of the message passing model in Section III. In Section IV, we discuss
the wireless synchronization problem, and conclude the survey in Section V by discussing three
open problems, each is related to one of the discussed network functions.

II. THE BROADCAST PROBLEM

In this section, we consider a multi-hop network with n nodes, one of them is a source that
transmits its message in the first step. The goal is to find the number of rounds required for all
nodes to learn the source’s message. Let D be the maximum distance of a node from the source,
then D is an obvious lower bound. In the following, we consider two models: In the first, the
network topology is globally known to all nodes, and in the second, each node is aware only of
its own label as well the list of labels belonging to its neighbours.

A. Global Knowledge of Network Topology

We first discuss the case where the network topology is known to all nodes. It is natural to
consider centralized algorithms in this setting, since the global knowledge of network topology
allows each node to correctly simulate its role in a centralized algorithm. Also, there is no need
for randomized algorithms as collisions can always be avoided as a result of the global topology
awareness. In [1] and [2], polynomial time deterministic centralized algorithms are proposed for
the broadcast problem. The algorithm proposed in [1] requires O(D+log5 n) rounds to terminate
successfully while the algorithm in [2] requires O(D log2 n) rounds. As we consider the case
where D is small, we will pay more attention to the result in [2] and summarize the proposed
algorithm therein. In [3], it is shown that there is a family of radius-2 graphs for which any
schedule for the broadcast problem requires Ω(log2 n) rounds, and hence, proving the optimality
of the polynomial-time algorithm in [2] for radius-2 graphs.

The lower bound in [3] is proved using the following probabilistic argument. Let Vi be the
set of nodes at distance i from the source, where i ∈ {1, 2}. The proof follows by considering
a random assignment of connections between nodes in V1 and nodes in V2. It is then shown
that the probability that any transmission schedule consisting of log2 n

100
rounds successfully relays

the source’s message to all nodes in V2 is bounded away from unity, and hence, there exists a
radius-2 graph for which log2 n

100
rounds of communication cannot suffice to complete broadcast.

Finding a centralized deterministic algorithm that exploits the global network knowledge to
achieve the optimal message complexity is not a challenging task. We could do an exhaustive
search over all possible sets of active transmitters in each round and choose the scenario with
the minimum number of rounds. It is then natural to consider the computational complexity of
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such algorithms. In [2], a polynomial-time algorithm is shown to complete the broadcast with
O(D log2 n) rounds, and hence, we know that it achieves optimal message complexity in radius-2
networks.

The algorithm in [2] relies on an efficient procedure for relaying the source’s message.
Assuming that all nodes at distance d from the source (members of Vd) have received the
message, it is desired to find a polynomial-time subroutine to deliver the message to all nodes
at distance d + 1 from the source (members of Vd+1) in a minimum number of rounds. This
subroutine is then used iteratively to broadcast the source’s message in a multi-hop network. We
now explain briefly the key idea in the design of this subroutine in [2], which the authors call
the spokesman election algorithm. A subset S ⊆ Vd is efficiently identified such that activating
the transmitters in S guarantees successful reception at more than p|Vd+1| receivers in Vd+1,
where p is a constant such that 0 < p < 1. For every S ⊆ Vd, define RS ⊆ Vd+1 as the set of
receivers that successfully receive the source’s message if the set S of transmitters are activated.
The spokesman election algorithm consists of two phases. First, the average of the size of RS

is computed over all sets S of size k, where 1 ≤ k ≤ |Vd|. More precisely, the following is
evaluated,

wk =
1(
Vd
k

) ∑
S⊆Vd:|S|=k

|RS|, 1 ≤ k ≤ Vd (1)

The first phase is concluded by choosing k∗ = arg maxk wk as the size of the set of active
transmitters. We then proceed with the second phase to determine the k members of the set. The
members of the active transmitter set S∗ are chosen sequentially. In step i, 1 ≤ i ≤ k, the value
of wk is re-evaluated for each candidate as an average of |RS| over all sets S ⊆ Vd : |S| = k that
contain the i − 1 previously chosen members and the candidate considered for the ith position
in S. The candidate with the highest such average is selected. The key to the efficiency of the
spokesman election algorithm is the easy computability of the wk values in (1).

B. Local Knowledge of Network Topology

The broadcast problem was considered in [4], [5], and [6] for networks where each node
can only be aware of its own label as well as the labels of its neighbors. In [4], a randomized
transmission protocol is used to achieve broadcast with probability at least 1 − ε, in a number
of rounds that is O

((
D + log n

ε

)
log n

)
. The proposed randomized algorithm uses neither the

processor labels nor the fact that each node is aware of its labels, and hence, making it suitable to
use in a dynamic wireless network where fading conditions can lead to changes in the topology.
While the combinatorial optimization problem of choosing the set of active transmitters may be
difficult even for a centralized algorithm that has access to the network topology, the simple yet
useful idea behind the randomized algorithm is that making each node transmit with a certain
probability, in a way that is oblivious to what decisions other nodes are taking, will eventually
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lead to completion of broadcast with high probability in a sufficiently large number of rounds,
the probabilistic analysis are elementary and not included in this survey.

In [4], the authors claimed to show that any deterministic broadcast schedule using only
local knowledge of the network topology requires Ω(n) rounds to complete for certain types of
graphs. The goal of proving this bound was to show that there is an exponential gap between
determinism and randomization for the setting of local network topology. The graphs used to
prove this lower bound are radius-2 graphs with only one node at distance 2 from the source,
and this node is connected to only a subset of the nodes that are at distance 1 from the source.
In [5], the authors claim to strengthen this lower bound by showing that (n − 1) rounds are
required by any deterministic broadcast schedule for the same type of graphs that is used in the
proof of the lower bound in [4]. However, the authors in [6] proved both of the above bounds
to be incorrect by constructing a logarithmic broadcast schedule for the same type of graphs. In
the following paragraph, we call this type of graphs BGI graphs, following the initials of the
authors in [4].

The idea behind the algorithm proposed in [6] for broadcast in BGI graphs, is that the source
can also listen to the wireless communication between nodes at distance 1 and those at distance
2. The source uses this feedback to identify one node at distance 1 that is connected to the node
at distance 2 in logarithmic time, it then informs the identified node to relay its message in a total
of two more rounds. The identification of one node with degree 2 is carried through a binary
search procedure, where each step takes place in two rounds. In the first round of each step, the
source broadcasts the labels of a candidate set of nodes at distance 1, this set will consist of
consecutive labels and its size equals half the number of possible nodes with degree 2. In the
second round, each of the nodes in the candidate set will broadcast its own label only if it is
connected to the node at distance 2 from the source (note that each node is aware of the list
of its own neighbours). If the source detected no transmission then all elements of the current
candidate set are known to have degree 1 and eliminated from future candidacy. If the source
detected a transmission from only one node, then it identifies this node as having degree 2. If
the source detects collision then it proceeds the next step of the binary search by only selecting
the first half of the current candidate set as the next candidate set. The algorithm can be easily
seen to terminate in logarithmic time. We finally note here that assuming that the source cannot
distinguish between the case where there is more than one active transmitter and the case where
there are no active transmitters, will only lead to increase the number of rounds needed for each
step of the binary search to three instead of two.

The authors in [6] then proceed to use the binary search procedure with auxiliary theorems
from [7] and [8] to construct a broadcast algorithm that requires O

(
n

4
5 log n

)
for general radius-

2 graphs, and hence, showing that broadcast is possible on these graphs in sublinear time. The
first auxiliary result is from [7], and shows the existence of a protocol for bipartite graphs that
delivers a message known to all nodes in the left partite set to all nodes in the right partite set
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under the assumption that the degree of any node in the right partite set is bounded by a fixed
constant, and the algorithm completes in time logarithmic in the number of nodes and linear
in the right degree bound. The second auxiliary result is from [8], and shows the existence of
a protocol for exchanging messages in a graph where all node degrees are bounded by a fixed
constant and each node is transmitting a possibly unique message, and the algorithm finishes in
time that is logarithmic in the number of nodes and quadratic in the degree bound.

The algorithm in [6] uses the above mentioned auxiliary results with the binary search
procedure as follows. We label the set of nodes at distance one and two from the source as
V1 and V2, respectively. A binary search is first used by the source to identify the node in V1

with maximum number of neighbours in V2, and then this node is informed to relay the source’s
message in a dedicated communication round. This process is iteratively used until all the nodes
in V1 that have not been identified, have no more than d1 neighbours in V2, where d1 is a pre-
specified constant. The first auxiliary result of [7] is then used in a bipartite graph formed by
nodes in V1 and nodes in V2 that have not yet received the source’s message. The result implies
the existence of an efficient protocol that delivers the source’s message to all nodes in V2 whose
degree is less than a pre-specified constant d2. The list of labels for nodes in V2 who received
the source’s message in this last step is delivered to all nodes in V1 using the protocol whose
existence is proved in the second auxiliary result of [8]. A binary search procedure is finally
used to iteratively identify each node in V1 with uninformed neighbours in V2. Following the
analysis, and by careful choice of the constants d1 and d2, it is shown in [6] that the algorithm
completes in O(n

4
5 log n) rounds.

In order to prove that an exponential gap exists between deterministic and randomized algo-
rithms for networks with local topology knowledge, it is shown in [6] that for any deterministic
broadcast schedule, there exists a radius-2 graph for which the schedule requires Ω(n

1
4 ) rounds.

The exponential gap conclusion follows from this result and the logarithmic time randomized
algorithm of [4]. In the lower bound proof, a radius-2 graph is constructed for each fixed schedule,
with the property that the number of nodes in V1 is strictly greater than the number of nodes in
V2, and each node in V1 has exactly one neighbour in V2. It is intuitive to think of these graphs
as worst case constructions as the relaying of the source’s message by a node in V1 cannot result
in delivering it to more than one node in V2.

It is worth noting that the Ω(n) lower bound of [4] holds if we restrict the choice of the
broadcast algorithm to oblivious algorithms, where the transmit sets must be fixed in advance,
and also for the case where the links from the source to nodes in V1 are directed, and hence,
the source cannot listen to transmissions of nodes in V1. This last assumption can be justified
in practice for cases where the source node uses higher transmit power than the relay nodes of
V1, for example in a heterogeneous cellular downlink scenario where the source is a macrocell
basestation and each of the nodes in V1 is a microcell basestation.

We finally conclude this section by highlighting the fact that broadcast can be completed in
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time independent of the number of nodes n if messages can be split into bits that are transmitted
in separate communication rounds. In this case, all nodes at distance i from the source can relay
the one-bit message in one round by being all active if the bit value is 1 and all inactive if the
bit value is 0. A receiver decodes a value of 1 if and only if it detects active transmission, even
if there is collision. This algorithm completes in (D+L) rounds , where L is the length of the
message in bits. However, in practice, this is usually inefficient because of the high overhead
induced in this case by the number of control bits possibly needed for combating noise and
achieving synchronization.

III. SIMULATING THE MESSAGE PASSING MODEL

Unlike the broadcast problem model where it is desired that each node delivers the same
message to all nodes of the network, regardless of the network topology, the message passing
model requires that each node delivers a possibly different message to each of its neighbours, and
no relaying of messages is required. Since the message passing model is suitable for describing
wireline networks, algorithms and converse analysis for many network functions like consensus
and shared memory systems already exist in the literature based on the message passing model.
It is therefore useful to understand the minimum number of communication rounds needed for
a wireless network to simulate a single round of the message passing model. For brevity, we
refer to this problem in the following discussion as the single round simulation (SRS) problem.

Let ∆i, and ∆o, denote the maximum in-degree, and out-degree of any node in the network, re-
spectively. In [3], a randomized algorithm achieves SRS with probability 1−ε, in O

(
∆i∆o log n

ε

)
rounds. The algorithm executes in ∆o phases, each phase consists of multiple rounds. In each
phase, each transmitter will target one receiver and keeps trying to transmit its message with
probability 1

∆i
in each round until it succeeds. The proof of the probabilistic completion of the

algorithm in O
(
∆i∆o log n

ε

)
rounds uses elementary probabilistic tools.

We now discuss the design of deterministic distributed algorithms for the SRS problem. It
is easy to see that a trivial algorithm that dedicates each round to the transmission of a single
message completes the simulation in O(n∆o) rounds. In [3], an algorithm that achieves SRS in
O(∆o∆

2
i log2 n) rounds is designed based on the following key lemma.

Lemma 1: Let 1 ≤ x1, . . . , xs ≤ n be s distinct integers. Then for every 1 ≤ i ≤ s there
exists a prime p ≤ s log n such that xi 6= xj(mod p) for every j 6= i.
The algorithm executes in ∆o phases. Each transmitter targets a single receiver in each phase. The
idea is that it is guaranteed that there is a communication round for each transmitter-receiver pair,
in which neither the receiver node nor any of its neighbours other than the specified transmitter
is transmitting a message. Let {p1, . . . , ps} be the prime numbers in the range {2, 3, . . . , (∆i +

1) log n}, then each phase consists of s subphases, and the ith subphase consists of pi rounds.
In each subphase, the kth transmitter transmits its message in the round number (k mod pi). It
follows from Lemma 1 that for each transmitter k, there is a prime number pi among {p1, . . . , ps}
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such that in the round numbered (k mod pi) of the ith subphase, transmitter k will be able to
successfully deliver its message to its target receiver. The complexity analysis is straightforward
since there are ∆o phases, in each phase there are at most O(∆i log n) subphases, and in each
subphase, there are at most O(∆i log n) rounds. It follows that O(∆o∆

2
i log2 n) rounds suffice

for a deterministic distributed algorithm to achieve SRS for every graph.

IV. THE SYNCHRONIZATION PROBLEM

Many network functions like that achieved by the algorithm relying on Lemma 1 above assume
that all participating nodes agree on a global round numbering. In [9], this problem is studied for
complete graphs and a general model that assumes the availability of F orthogonal frequency
slots. In order to model possible interference from other wireless devices as well as protocols
run by the same participating nodes, the model in [9] assumes an adversary that can disrupt up
to t frequencies in each communication round. The adversary is also responsible for activating
any of the participating devices, which are assumed to be initially inactive. It is important to
notice that the adversary in the model is not intended to reflect the actions of a real adversary
but is rather used to model a worst-case scenario for the realization of random phenomena.
Once a node is activated, it tries to commit to a round numbering after a minimum number of
communication rounds. Once a node commits, it cannot change the round numbering scheme,
meaning that the round number has to be incremented in each round.

The authors in [9] mention that it is not known whether the wireless synchronization problem
can be solved deterministically, and restrict their study to probabilistic algorithms. A probabilistic
algorithm is called regular if for each round of communication, all nodes use the same probability
distribution for frequency selection and the same probability of transmission on the selected
frequency. It is shown that any probabilistic algorithm that solves the synchronization problem
with probability 1− 1

n
, requires at least Ω

(
Ft
F−t log n

)
rounds, and if it is regular then it requires

at least Ω
(

log2 n
(F−t) log logn

+ Ft
F−t log n

)
rounds. The first terms follows from the number of rounds

needed for a node to broadcast alone in any frequency, which is a necessary condition for
achieving synchronization. The Ω

(
log2 n

(F−t) log logn

)
bound on the number of rounds needed for

a successful broadcast was derived in [10] for a strongly related problem called the Wake-up
problem. In the Wake-up problem, it is required to find the minimum number of communication
rounds needed for a node to activate all active remaining nodes through a successful broadcast.
The second term in the Ω

(
log2 n

(F−t) log logn
+ Ft

F−t log n
)

bound follows a worst case scenario for
the adversary interference, and disappears when the number of disrupted frequencies t = 0.

A regular probabilistic algorithm is introduced in [9] and achieves synchronization with
probability 1− 1

n
, in O

(
F
F−t log2 n+ Ft

F−t log n
)

rounds. The basic procedure behind the algorithm
employs a random frequency hopping protocol at each node to contend for a leadership position
with all remaining nodes. Once a node is a leader, it broadcasts the global round number. We
note that the leader cannot be fixed in advance as the activation times of nodes is not known,
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and a node has to be able to synchronize in the minimum number of rounds once it is activated,
regardless of the activation times of other nodes. We also note from the lower and upper bound
expressions that the gap between the bounds seems to be related to the way the broadcast problem
is handled in the proposed algorithm rather than the interference avoidance problem.

V. CONCLUDING REMARKS

We discussed the simulation of three network functions in wireless networks, we now conclude
this discussion by an open problem for each. First, the broadcast problem, we have reviewed
results for two settings: the network topology is known to all nodes in one case, and in the
other each node is only aware of its own label as well as a list of labels corresponding to its
neighbours. The inefficiency due to the local knowledge assumption in the second case can
be seen from the results. For example, any deterministic algorithm requires at least Ω

(
n

1
4

)
rounds while with global network knowledge there is a deterministic algorithm the completes
broadcast in O(D log2 n) rounds. The problem we propose is the following: Is there a loss
in the asymptotic message complexity if we restrict the choice of algorithms for the broadcast
problem with local network topology to these that lead the source to learn the network topology?.
Learning the topology can be done through means of feedback as in [6]. Moreover, if we consider
a generalized broadcast problem in a connected graph where we have n phases, and in each
phase a different node acts a source, then our question becomes more interesting as it may be
possible for the nodes to jointly learn the network topology in an initialization phase, through a
procedure akin to the one in [11].

We then discussed the simulation of the message passing model that allows each node to
deliver a possibly different message to each of its neighbours. The results reviewed from [3]
present lower and upper bounds on the message complexity of this problem as functions of the
maximum in-degrees and out-degrees over all participating nodes. We note that this may not
be a good performance criterion for lower bounds and may lead to the design of inefficient
algorithms for cases where there are only few nodes with maximum degrees and the remaining
node degrees are much smaller. It is therefore desired to study the message complexity of this
problem as a function of more appropriate properties of the graph adjacency matrix.

We finally reviewed results on the wireless synchronization problem, where it is desired to find
the minimum number of communication rounds for nodes in an asynchronous activation model to
agree on a global round numbering scheme. We reviewed bounds on probabilistic solutions to the
problem. It is mentioned in [9] that it is not known whether solving this problem deterministically
is possible. The authors suggest that the multi-selector function of [12] may be useful to find a
deterministic solution. The multi-selector is a combinatorial function that generates a sequence
of channel assignments for participating nodes such that every sufficiently large subset of nodes
is partitioned onto distinct channels by at least one of these assignments. In [13], an optimal
deterministic algorithm has been found for the wireless synchronization problem for the case
where the difference in activation times between different nodes is bounded.
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