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Abstract: Advanced meter infrastructures (AMIs) are now widespread and their importance within smart
grid systems continues to increase with the advent of new applications. Performance analysis of the infras-
tructure is key to assess the limits of application deployment. However, due to the large-scale nature of
AMI networks that are often composed of tens of thousands of nodes per collector, performance analysis is
often carried out in contained experimental trials. To our knowledge, no thorough mathematical performance
analysis of real-sized systems has been carried out so far. In this work, we present a model to analyze the
performance of a large-scale RF-AMI system and show its application to large-scale real-case scenarios.

Key Words: AMI, smart grid, RF mesh, smart meter, multi-hop.
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1 Introduction

AMI systems are increasingly popular and massive worldwide installation of smart meter devices is currently
ongoing. Several studies forecast an acceleration of this phenomenon in the following years, mainly driven

by the large revenues expected from the use of smart meter applications within the smart grid market.

Several technologies can be adopted for AMI but the RF-mesh based system seems to be one of the

most popular. RF-mesh systems are mainly used for remote reading, advanced metering and for some other

applications, such as demand-response or load management, that do not have strong requirements in terms
of bandwidth and delay. However, utilities, that have spent millions of dollars installing such a widespread

communication infrastructure, may want to exploit it for other types of applications that, in some cases, may

require shorter response time.

A fundamental question that arises in this context is how to be able to assess the limits of the installed

infrastructure. Two methods can be though of: stochastic simulation and field trials. The difficulty of
stochastic simulation lays on the size of the system, that may contain thousands of nodes, thus requiring

specialized codes for parallel implementation and still would need a very large amount of resolution time [1].

On the other hand, field trials are limited, because they depend not only on the particular conditions of the

households involved in the trial, but also on the time those trials are carried out. In fact, depending on the

application, load conditions may influence the amount of communication that can be exchanged and load
conditions greatly vary with time of day, month and season, among others. Moreover, the nature of field

trials is observation-based, as, most of the time “what ifs” cannot be easily implemented.

There is, therefore, an important need for a flexible analytical model for large scale RF-smart meter

performance evaluation that would allow not only to assess the current system, but also to do extended “what

ifs” studies, evaluate the suitability of the system for future applications as well as help in the assessment of
the features most needed in the evolution of the system. The object of this work is precisely to fill this gap

by proposing an analytical characterization of large-scale RF-smart meter performance.

The document is structured as follows: Section 2 is a brief overview of the literature concerning the

performance of wireless mesh networks, with a particular attention to smart grid applications; Section 3

presents the modelling of the system as well as some relevant performance indexes; Section 4 reports some
results; Section 5 summarizes the conclusions of this work.

2 State of the art

An RF-based AMI system is a largely distributed wireless mesh network for which it is extremely difficult to

put in place stochastic simulation results given its large scale. Nevertheless, some authors have attempted this

approach (e.g., [1–4]). Others have dealt with real-time trial measurements. For instance, [5] reported some
results obtained in a real AMI while [6] combined the simulation approach with real-time measurements. Our

methodology is totally analytic and, in that respect, it is based on fundamental findings of wireless networks

performance.

Interference among the links is a key issue to assess wireless mesh network performance. [7] defined a

connectivity graph and associated to it a conflict graph, using the information on nodes, links and distances.
The problem of maximum throughput was transformed into the search of the maximum independent set (a

set of vertices that can transmit simultaneously), which is a NP-hard problem and which does not guarantee a

solution. [8] defined a contention graph using flows rather than links to account for interference: the objective

of the authors was to provide a fair access to the medium to different commodities. [9] tackled the problem

of performance analysis in a multi-hop wireless network focusing on routing and scheduling. The authors
modelled the problem as a graph-coloring one and assumed a simplified interference model in which each

node cannot transmit and receive on the same channel at the same time. In our work, we took inspiration

from this paper in what concerns the interference analysis, that is one of the steps needed to develop the

analytic tool for performance evaluation.
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The other issue that has a strong impact in the overall network performance is the effect of the MAC

layer, that, in the case under study is ALOHA based. Performance of the ALOHA system has been well

documented (e.g., [10, 11]). Our system differs from the others in literature because of the large number of
nodes (≈ 103) and of the use of Frequency Hopping Spread Spectrum (FHSS) protocol to tackle interference

(see Section 3 for further details).

Even though there are some simulation and field studies on AMI performance as well as a rich literature on

mesh network performance, to the best of our knowledge this is the first time that a comprehensive analytical

model is put in place to assess several performance parameters of a large-scale AMI system. Our analytical
framework is particularly useful because it can be adapted to different types of scenarios and network features

and it does not present the computational issues of very large scale systems simulation.

3 RF mesh communication system modelling

3.1 Main features

Many deployed AMI systems present proprietary features that are not easily disseminated to the public.

So, in this paper, the case-study was a deployed system for which some data is publicly available. The

communication system in object is a multi-hop wireless mesh network made of smart meters, routers and
collectors with a current infrastructure of 1.5 million smart meters. The technology to connect the meters

to data collectors is RF mesh and routers are used to extend coverage and increase connectivity. The

communication channel is the unlicensed ISM band of 902 − 928 MHz. The system uses FHSS, which is a

technique particularly efficient against low spectrum interference coming from other devices transmitting on
the same free band. The access to the medium is regulated by a synchronous ALOHA with time slots of

duration τ = 0.7 s. Devices are kept synchronized through the Network Time Protocol (NTP). Collectors are

the only devices equipped with GPS receivers, whereas routers and smart meters are synchronized to their

collector with NTP with an offset in the order of some milliseconds.

3.2 Topology definition

The topology definition in a large scale metering system is a challenging task. For this particular case, we
used public information to extract the general areas where smart meters were installed, that happened to

present the position of routers and collectors. Next, we calculated the GPS coordinates by means of Google

Maps and Bing Maps application programming interfaces. To locate the smart meters, we assumed one

device per home and we developed a script in Bing Maps that inputs public data, such as postal codes or
list of municipality streets, and outputs the latitude and longitude of the network nodes. At the end of

this process, as shown in Figure 1, we obtained the position of the nodes of the network. To define links,

two different covering rays were assumed: a value between 0.15 to 0.5 km for smart meters and of up to 2

km for routers and collectors. The variation of the maximum transmission range of smart meters is due to

different propagation conditions in urban, rural and suburban areas. Moreover, routers and collectors achieve
extended coverage with directive antennas and top-building installation. Routers and collectors have higher

capacity links (19.2 kbps) with respect to smart meters (9.6 kbps), as shown in Figure 1, which is a sketch

of a simple topology.

3.3 Shortest paths

To start the analysis, a static shortest path routing based on distance as a metric was assumed, but future
works will include other types of routing. The problem can be seen as a large multi-commodity flow since

different streams of communication coexist in the system. There is one commodity from each smart meter

to the collector and vice-versa.
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Collector

Router

Smart Meter

RF link (9.6 kbps)

NAN
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Figure 1: Topology definition

3.4 Traffic characterization

Let G(V,E) characterize the graph representing the AMI system, where V and E are the sets of nodes and
links of the RF network. The set of nodes V is composed by the union of the set of smart meters M , the set

of routers R and the set of collectors C. Let λup be the mean traffic from each smart meter to the collector

(uplink) and λdown the mean traffic from the collector to a single smart meter (downlink). In both cases,

Poisson arrivals are assumed so that the aggregation of traffic streams at each node is also Poisson with a
mean value equal to the sum of all sub-streams mean values.

Let λi be the transmission rate of generic device i. In order to characterize λi, the routing behaviour

of each device must be analyzed. Intermediate nodes are in charge of transmitting packets from the origin

to the destination of the shortest paths they belong to. For this purpose, we introduce ξi, the number of

shortest paths that contain node i as an intermediate node. Then, a given smart meter i ∈ M transmits
its own packets to the collector at a rate λup, packets from ξi smart meters to the collector at a rate ξiλup

and finally packets from the collector to the ξi nodes at a rate ξiλdown. Routers do not generate traffic so a

given device i ∈ R is in charge of transmitting packets of ξi different streams in both uplink and downlink

directions. On the other hand, collectors transmit to each of the |M | smart meters with a rate λdown. These

considerations can be summarized as follows:

λi =











ξi(λup + λdown) + λup, if i is a smart meter

ξi(λup + λdown), if i is a router

|M |λdown, if i is a collector

(1)

The actual transmission rate also depends on the number of packet retransmissions caused by collisions.
In particular, if Ni represents the average number of retransmissions at node i, the actual transmission

rate can be defined as λ̃i = Niλi. The average number of retransmissions and the link with the collision

probability is deeply analyzed in Section 3.5.

3.5 Probability of collision

One of the main issues to a wireless communication system is interference. If we assume that the interfering
ray equals the covering ray, every node’s neighbours are its possible interferers. If we neglect for the moment

FHSS, we can state that there is a collision at node i when at least one of its neighbours attempts to transmit

during the same time slot.
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When a collision is experienced, the involved packets have to be retransmitted. The average number of

times a packet at node i is retransmitted, Ni, is related to the average collision probability by:

Ni =
1

1− pi
(2)

As stated in the previous section, the transmission rate of a set of nodes has a Poisson distribution with

the sum of all λi as mean value. Given Ii the set of interferers of node i, the probability that none of the

nodes j ∈ Ii transmits in a time-slot of duration τ is:

P (XIi = 0) = e
−τ

∑

j∈Ii

λ̃j

= e
−τ

∑

j∈Ii

λjNj

= e
−τ

∑

j∈Ii

λj

1−pj

(3)

where XIi is the number of nodes in Ii that transmit during that time-slot. Then, the probability that

collisions occur is:

pi = P (XIi > 0) = 1− P (XIi = 0) = 1− e
−τ

∑

j∈Ii

λj

1−pj

(4)

If we want to take into account FHSS, the definition of collision changes: a collision occurs at node i

when at least one of its neighbours is transmitting on the same channel as i. In our first FHSS modelling, we
consider that each node randomly decides the transmission channel among the Q available. Let us consider

the event that at least one of the k neighbours of i chooses the same channel as i. This is the complement

of the event in which all the k nodes choose different channels than i; therefore, the probability that at least

one of the k =| Ii | nodes chooses the same transmission channel as i is given by:

p(k) = 1−

(

1−
1

Q

)k

(5)

As a consequence, a collision occurs when there is at least one transmitting neighbour of node i using the

same channel as i is calculated as follows:

pi =

+∞
∑

g=1

P (XIi = g)p(g) =

+∞
∑

g=1

(

1−

(

1−
1

Q

)g)

(

τ
∑

j∈Ii

λj

1−pj

)g

g!
e
−τ

∑

j∈Ii

λj

1−pj

(6)

This is a so-called fixed point equation. The problem of finding the values of pi (for i = 1 . . . |V |) that

solve the non-linear system (6) is equivalent to solving the following optimization model:

min
p

‖f(p)‖
2
2 (7)

s.t. :

{

pi ≥ 0 ∀pi ∈ p

pi < 1 ∀pi ∈ p
(8)

where:

p =







p1
...

p|V |






f(p) =







f1(p)
...

f|V |(p)






fi(p) =

+∞
∑

g=1

(

1−

(

1−
1

Q

)g)

(

τ
∑

j∈Ii

λj

1−pj

)g

g!
e
−τ

∑

j∈Ii

λj

1−pj

− pi

One can note that, when the number of channels is 1, (6) is equivalent to (4) since
+∞
∑

n=1

an

n! = ea − 1.

A quantitative solution for the fixed point system of equations (4) was obtained using the least square

minimization model (7) and numerical results are presented in Section 4. The performance analysis carried

out in the rest of this work is based on the vector p, solution of the optimization model (7). At this time,
numerical results are obtained using the simplified equation (4), neglecting in the first phase the presence of

FHSS.
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i �� �  � j �

N0 N1 Nn-2 Nn-1

Figure 2: Scheme of the n-hop path from node i to node j

3.6 Delay

A basic parameter in the analysis of the performance of a telecommunication network is delay. In a multi-hop

random access system with small packets, such as Time-Slotted ALOHA, it is a standard practice to let the

time slot duration include all other types of delay a packet can encounter. In the rest of the discussion,
propagation, transmission and processing delays are included in the 0.7s time slot. In this first analysis, the

queueing delay is considered negligible since we are dealing with very low traffic rates.

In the light of these considerations, we calculate the average delay based on the number of hops a packet
makes in order to reach its destination only. The delay of a generic n-hop path such as the one displayed in

Figure 2 can be calculated as follows:

dij = τ

n−1
∑

k=0

Nk (9)

Note that in (9), delay depends exclusively on the length of the shortest path as well as the probability of

retransmission of the system. If queueing and processing delays were not negligible, (9) should be modified

by adding the appropriate M/M/1 delay modelling terms.

We account for two different types of delay:

dui uplink delay, the time necessary for a packet generated by a smart meter to get to the collector;

ddi downlink delay, the elapsed time for a packet to travel from the collector to a smart meter.

4 Results

This section presents some numerical results obtained with the model introduced in the previous sections.

We chose a typical rural area with an extension of 240 km2 with 3415 nodes (1 collector, 114 routers and

3300 smart meters). Moreover we defined 32 different traffic scenarios, based on message exchange rate on

the uplink, λup, and the downlink, λdown, assuming that all the meters had the same message frequency (see
Table 1). The reader should be aware that such an assumption was adopted to ease the interpretation of

results, but it could be easily relaxed within our modelling framework.

Results were obtained using MATLAB, with an Intel(R) quad Core(TM) i7-3770 CPU @ 3.40GHz pro-
cessor. The average computational time was 1684.86 s with the maximum value of 7250 s obtained in the

3rd scenario and the minimum of 342.52 s in the 32nd.

Table 1: Traffic scenario ID according λup and λdown

1

λdown
[h]

1

λup
[h]

0.5 1 1.5 2 2.5 3 3.5 4

1 1 5 9 13 17 21 25 29

2 2 6 10 14 18 22 26 30

3 3 7 11 15 19 23 27 31

4 4 8 12 16 20 24 28 32
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4.1 Collision probability

The solution of the fixed point set of equations (4) provided the probabilities of collision that each node

is subject to when it attempts to transmit a packet. Figure 3 represents some statistics of the collision

probability in different scenarios: the maximum and the average values related to each kind of device are
reported. The black curves with triangles are related to routers. The maximum is, in many scenarios, close

to 1 while the average goes from 0.35 in the first scenario to less than 0.1 in the last scenario. The grey curves

with crosses refer to the maximum (continuous line) and the average (dotted line) values related to the smart

meters. In this case, both maximum and average collision probabilities are considerably lower than those of

routers. We can also remark that the average collision probability for smart meters is in all scenarios below
10%. When it comes to the collector, we can see that there is only one curve since we have a unique device

of this type in each scenario. The dashed-dotted black line with circles shows that the performance of the

collector is in between that of smart meters and routers: its collision probability is not excessively high (it is

above 7% only in the five first scenarios).

0 5 10 15 20 25 30
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0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
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routers (max)
routers (mean)
smart meters (max)
smart meters (mean)

Figure 3: Statistics of the probability of collision of different devices in different scenarios

4.2 Delay profile

Provided that we calculated the delay as the sum of the number of retransmissions in each hop (3.6) and
that the average number of retransmissions is inversely proportional to the probability of collision (2), we

do not show the trend of delays in the system since it is very similar to that for the probability of collision

presented in the previous section.

4.3 Survival function: application feasibility

An interesting insight on the performance of our system can be brought by the notion of the percentage

of smart-meter nodes presenting an uplink or downlink delay above a certain threshold. In the smart grid

context, it is important that the received information be up-to-date, and this is true only if it is received
within a short delay. In order to carry on this analysis, we use the concept of survival function. Let Y be a

random variable, its survival function is f(y) = P (Y > y) with y ∈ [0,∞].
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Let Du and Dd be the discrete variables related to uplink and downlink delay respectively, we define two

survival functions as follows:

fu(γ) = P (Du > γ) (10)

fd(γ) = P (Dd > γ) (11)

The notion of survival function allows us to assess the feasibility of smart grid applications in RF-mesh

systems.

Let α and β be two generic load management applications with the following requirements: the collector

transmits 1 pkt/4 h in average, each smart meter transmits 1 pkt/2 h in average; a packet is considered old

by the collector if received after a delay (in uplink) of 20 s. α can tolerate a maximum of 20% of packets to
be old, whereas β can tolerate only 10%. The traffic transmission rates suggest that our example corresponds

to scenario 16 ( 1
λdown

= 4 h, 1
λup

= 2 h). We are analyzing the delay at the collector side, that is to say

the uplink delay. Figure 4 shows the survival function of delay in uplink in scenario number 16. In the

same graph we plot the points (20 s, 0.2) and (20 s, 0.1), relative to the requirements for α and β. The

first coordinate of these points represents the delay threshold (γ), while the second represents the maximum
tolerated probability P (Du > γ). If the point is above the curve, as for α, it means that the requirements of

its associated application are within the possibilities of the system: the application is considered feasible. On

the other hand, if the point is below the curve, as for β, it means that the associated application requirements

cannot be met by our system: the application is not feasible.

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

delay d in uplink in scenario 16

P
(D

>
d)

β is unfeasible

α is feasible

Figure 4: Survival function of uplink delay in scenario 16

5 Conclusions

This work presents, to our knowledge, a first analytical model for the overall performance evaluation of an

AMI RF-mesh based system. The model becomes an important tool since it bypasses the difficulty of having

to perform costly stochastic simulations for a network containing thousands of nodes, while enhancing the
quality of information that can be extracted from field trials. The tool allows different types of what-if studies

to assess the applicability of forthcoming applications, which is quite important for utilities.

We have not just developed a model, but also defined a framework to assess AMI RF-mesh performance.

This framework is based on the type of routing, the interference model, the traffic analysis and the type of
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measures that must be taken into account to assess network performance, such as delay, collision probability,

critical nodes and a survival function particularly useful to assess the feasibility of the deployment of new

applications. This model could also be valuable in the design phase of a real RF-mesh system, to size the
network and choose the number and location of routers and collectors to be installed.

We constructed a case study extracting publicly available information. For such a case, even though the

conclusions were expected, it was possible to quantify them with the tool. The traffic rate (λup and λdown)

considerably affected the performance of the network and the shortest path routing was not very efficient.

The model, however, can easily incorporate any other type of routing. Also expected was the fact that routers
are the critical elements of the system, as the percentage of routers in critical conditions is much higher than

for the other devices.

It is clear, however, that this model represents a first step towards a more comprehensive engine that

would portray in greater detail some of the protocols and RF issues. In particular, a better representation

of FHSS features is currently ongoing. Also, dynamic routing algorithms (i.e. RPL and AODV) are being
integrated into the model. Despite the lack of those modelling details, this first analytic approach can give

different points of view in the performance analysis of RF-mesh systems and it can be very useful to overcome

the limits of the current approaches.

Finally, it is clear that in order to carry out real-time or quasi-real-time applications, the current infras-

tructure needs to be upgraded or must co-exist with some off-loading network such as the Internet.
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