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Abstract

In this work, we propose an analytic framework for evaluating the quality of service and dimensioning the link capacity in the

gateway router of a smart farm with a greenhouse eco-management system. Specifically, we focus on the gateway router of an

IoT network that provides an access service for smart farms. We design the link capacity of a gateway router that is used for the

remote management of the greenhouse eco-management system to accommodate both time-critical and delay-tolerant traffic in a

greenhouse LAN. For this purpose, we first investigate the ecosystem for smart farm, and we define the specification and

requirements of the greenhouse eco-management system. Second, we propose a system model for the link capacity of a gateway

that is required to guarantee the delay performance of time-critical applications in the greenhouse LAN. Finally, the validity of

the proposed system is demonstrated through a series of numerical experiments.

Index Terms: Greenhouse eco-management system, IoT, Performance evaluation, QoS, Smart farm 

I. INTRODUCTION

Recently, severe weather and unexpected natural disasters

such as heavy storms or flooding have destroyed green-

houses overnight. In addition, as farmers become older, it is

increasingly difficult for them to monitor the environment

and protect their greenhouses from unexpected disasters in a

timely manner. In the near future, it is envisioned that the

penetration of Internet of Things (IoT) technologies will

enable various kinds of sensors and control systems to moni-

tor and control greenhouse ecosystems in terms of the tem-

perature, humidity, light, and so on. Farmers may open

windows in the ceiling to control the temperature or monitor

the growth status and security of plants in real time via

CCTV cameras. When unexpected events occur, such as the

intrusion of persons or animals in the greenhouse, the farmer

should be informed immediately. This requires a timely

delivery of information.

However, it is not always easy for farmers to visit their

greenhouses or remain there indefinitely to monitor the eco-

system. Thus, rather than requiring a physical visit, it would

be better to monitor the ecosystem of the greenhouse online.

The introduction of information and communications tech-

nology (ICT) to agriculture, especially in the planting sys-

tems of greenhouses, is considered to be one of the major

solutions for protecting greenhouses from disasters as well

as monitoring the ecosystem of the plant production system.

Applying the principles of IoT to greenhouses, farmers

would be able to monitor the status and have optimal control

of the greenhouse whenever and wherever they wished using

a mobile terminal such as a smartphone. Shin [1] argued that

farmers could improve their welfare by building a common

greenhouse eco-management system (G-EMS) that aggre-

gates a number of small-scale plants, enabling control of the

greenhouse ecosystem and the automated production and

logistics of agricultural products. Ha [2] found that the time

and cost of greenhouse management could be reduced by

using the IoT: management time could be reduced from 180
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to 10 minutes and the cost could be reduced from KRW

270,000 to KRW 15,000 (1 USD = 1,100 Korean won

[KRW]).

There are a number of studies promoting the use of IoT for

smart farming [3]. The author summarized his recent

research using a ubiquitous sensor network (USN) to support

plant production in greenhouses. He advocated an Ethernet-

based LAN for the greenhouse LAN (G-LAN) in terms of

cost efficiency. Ethernet itself has generic performance limits

for real-time traffic when implemented as a G-LAN, because

it is operated using the CSMA/CD MAC protocol. 

There are numerous alternatives for the implementation of

a router that connects a G-LAN to the outside Internet. Some

use a virtual private line with a high Quality of Service

(QoS), although this approach has a high communication

price, and others use a best effort (BE) Internet without any

QoS guarantees. Nevertheless, it is very important to guaran-

tee the QoS of traffic between the G-LAN and Internet. In

particular, the timely arrival of information from the green-

house to the farmer is very important, as we have described

above.

However, to the best of the author’s knowledge, the per-

formance evaluation and link dimensioning of a router con-

necting the G-LAN to the outside Internet with guaranteed

QoS has not previously been studied. This gap in the litera-

ture provided the motivation for this work.

This paper is composed as follows. In Section II, we

describe the specification of the G-EMS. In Section III, we

propose a system model for the router that connects the G-

LAN to the Internet. In Section IV, we present the results of

numerical experiments. Section V contains a summary of

this study.

II. GREENHOUSE ECO-MANAGEMENT SYSTEM

First, we describe the specification of the G-EMS. We then

discuss the requirements for the network equipment that con-

nects the G-EMS to the Internet.

A. Greenhouse Eco-management System

G-EMS consists of four elements: server, core network,

gateway, and area network [4]. The server (e.g., server in a

cloud or a private server) is usually located at a remote site.

The other extreme is the area network for G-EMS, consisting

of all the sensors and controllers. The area network is con-

nected to the core network via a gateway.

The basic operation of the G-EMS is as follows. Sensor

information is generated by each sensor and transferred to

the gateway. The gateway transfers the information to the

server in real time via the core network. The server analyzes

the information and determines an appropriate activity for

the controller inside the G-EMS. The message for controller

activation is transferred to the corresponding sensor, and is

also transferred to the farmer for notification.

In the greenhouse, there may exist various controllers and

sensors for monitoring the environment and controlling vari-

ous equipment. There are two kinds of sensors: near-earth

sensors and over-the-air sensors. Near-earth sensors monitor

the earth temperature, humidity, and pH of the soil. Over-

the-air sensors monitor air temperature, wind, humidity,

light, density of CO2, and so on.

The various controllers include webcams, ceiling control-

lers, curtain controllers, fan controllers, heat and light con-

trollers, crop and shipping management systems, and so on.

The number of sensors varies according to the scale of the

greenhouse. Typically, as many as four sensors of each type

are needed for a greenhouse of 1 ha (10,000 m2) [3]. The

number of controllers also differs with the scale: webcams

are needed at every corner of the greenhouse and an arbi-

trary number of other controllers may be required. A variety

of information is generated in the greenhouse: the webcams

generate a continuous stream of video, some sensors transmit

environmental information periodically, and other sensors

and controllers generate sporadic bursts of data concerning

changes in the ecosystem of the greenhouse.

The information generated from the G-EMS is divided into

two categories: real-time information and non-real-time

information. Real-time information requires the network sys-

tem to serve the packets in real time, so that packets gener-

ated by information from the real-time sensors and

controllers at the G-EMS must be treated in real time. Non-

real-time information does not require the network system to

serve the packets in real time, so packets generated by infor-

mation from the non-real-time sensors and controllers at the

G-EMS can be treated in the BE manner.

The monitoring and collection of information depend on

the type of information, with the monitoring interval ranging

from a few seconds to a few minutes. To network the sensors

and controllers inside the greenhouse, an integrated wired

and wireless LAN is used. Some devices are connected to a

wired LAN and other devices are connected to a wireless

LAN. It is envisioned that Ethernet will be used for the

wired LAN with Wi-Fi for the wireless LAN.

Recently, LANs have been constructed inside greenhouses

such that the sensors and controllers are equipped with a

low-cost PC and are connected to the LAN using Ethernet or

Wi-Fi. A G-LAN is connected to the Internet through a gate-

way, allowing the environment of the greenhouse to be mon-

itored and controlled by the farmer from a remote site. For

this environment to be realized, a low-cost switch hub and

router must be located between the G-LAN and the Internet.

Summarizing our argument, the basic components of the

G-LAN are sensors and ecosystem controllers (ECs), which

are aggregated to the hub via Ethernet or Wi-Fi [3]. The
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aggregated traffic from the G-LAN is transferred to the

Internet via a gateway router located between the hub and

the Internet. Therefore, the gateway router is a potential bot-

tleneck. Note that the end-to-end packet transmission path is

composed of three areas: LAN, access network, and Internet.

The latency is mostly affected by the performance of the

access network, because the performance of the LAN is lim-

ited to its generic specification and the Internet backbone

generally has sufficient capacity.

In terms of the bandwidth for the G-LAN, there exist two

disparate points: inside the LAN and outside the LAN. First,

as to the inside of the LAN, the G-EMS packets are gener-

ally small and have a low generation rate. Therefore, a 10-

Mbps link is sufficient inside the G-LAN. Second, outside of

the LAN, customers have to determine the link capacity

between the gateway router and the Internet, because they

must buy a service plan from an ISP that matches their traf-

fic volume.

Customers with small-scale traffic requirements often use

an asymmetric digital subscriber line (ADSL) connection to

access the Internet. The achievable link capacity for ADSL1

(ADSL2) is 12 Mbps (24 Mbps) for downstream traffic and

1.8 Mbps (3.5 Mbps) for upstream traffic [5, 6]. Note that

the uplink capacity is much lower than the downlink capac-

ity. In contrast, the traffic from G-LAN is asymmetric in the

reverse way, with the uplink traffic capacity much higher

than that of the downlink. This presents a very serious prob-

lem to the customers, because they have no right to rear-

range the upstream and downstream traffic rates. 

Naturally, the higher the link rate, the higher the cost of

the plan. Therefore, customers must carefully consider the

uplink performance of the G-LAN. Latency is mostly

affected by the quality (including capacity) of the access

link, modem buffering, and cross traffic [7]. Therefore, the

capacity of the access link has to be determined accurately

by considering the cost and performance.

B. Requirements for G-EMS

There are a number of requirements for constructing the

G-EMS. First, the cost of constructing the G-EMS should be

as low as possible. At present, the cost of devices such as

sensors and controllers, as well as the PC and network devices,

is very low. This makes it possible for farmers to consider

the introduction of IoT to the management of greenhouse

ecosystems.

The information generated from the G-EMS has diverse

QoS requirements. Some information has to reach the farmer

in real time, whereas other information does not.

The problem lies in the conflict between the desire for

low-cost devices and the strict QoS requirements of applica-

tions generated by G-EMS. This is a trade-off problem. As

mentioned before, there is no alternative to constructing the

LAN itself inside the G-EMS, except for using conventional

wireless LAN. A certain number of Wi-Fi devices, sensors,

and controllers are deployed according to the scale of the

greenhouse.

The router is the only bottleneck between the G-EMS and

the Internet. The best way to provide QoS for the G-EMS is

to implement a high-performance router with a DiffServ

(DS) function. A router with DS (usually called a DS router)

classifies the arriving packets into a number of classes. The

number of classes is not fixed: ITU-T Standard Y.1541

defines six classes (0–5) [8]. The Internet Engineering Task

Force (IETF) prepares three bits of a DiffServ code point

(DSCP) that can classify the packets into a maximum of

eight classes [9]. IETF recommends only three per-hop

behaviors (PHBs) such as BE, assured service (AS), and

expedited forwarding (EF). There is an association for the

QoS class between ITU-T and IETF [8]. Note that the gate-

way router has to be designed in a lightweight manner. Thus,

we argue that the QoS should be further simplified into real-

time and non-real-time classes to incorporate the time-criti-

cal aspects of certain applications.

Once the packets have been classified, they are buffered to

the queue of the corresponding class. The link fetches those

packets based on class, and the fetch mechanism is deter-

mined by the vendor.

Implementing a router with a DS function is relatively

expensive, and it is unrealistic to apply it in the realization

of low-cost G-EMS. An alternative is to use a BE router

without a service class. 

However, the strict requirements of real-time applications

cannot be guaranteed if a BE router is used in G-EMS,

because packets of different classes are treated equally at the

router. To resolve this problem, the offered load of the traffic

in the BE router must be limited to a certain level, as

described later. 

Summarizing the discussion on the requirements of a gate-

way router for G-EMS, we propose the following. 

First, a gateway router for G-EMS has to offer lightweight

packet treatment operations. Thus, the packet scheduler

should be as simple as possible, and we propose using either

strict priority (SP) or first-in-first-out (FIFO). 

Second, the link capacity for the output port of the gate-

way router should be estimated in such a way that the delay

target of time-critical applications from the G-EMS are guar-

anteed irrespective of the packet scheduling policy being

operated.

Note that this study does not aim to recommend a single

or optimal solution, which is almost impossible. Rather, we

attempt to compare the two scenarios (SP and FIFO) for

implementing the gateway router for G-EMS, and examine

their performance regarding the link capacity required to

guarantee a target delay performance.
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III. SYSTEM MODEL

In this section, we present an analytic model for the gate-

way router. The purpose of modeling the router in the G-

EMS is to evaluate the performance and decide the capacity

of the router. Note that the delay performance of a router is

determined by several factors, such as the offered load, mix-

ing ratio of real-time and non-real-time traffic, link capacity

of the output port, QoS requirements (packet delay or loss

rate), and service policy. Among these, factors other than the

link capacity are usually given as conditions for the system.

Therefore, this study focuses on the link capacity of the

router required to secure an optimal level of performance for

the G-LAN.

As mentioned in Section II, the router can operate two pol-

icies: DS or BE. In a router with a DS policy, packets are

classified into real-time packets (class 1) and non-real-time

packets (class 2). The class 1 packets have priority over

class 2 packets in terms of being served by a link.

There are various schedulers for the DS function. Among

them, SP is the friendliest scheme for class 1 packets [10]. In

a router with the BE policy, there is no priority in the packet

service and packets are served in a FIFO manner. This study

considers an SP scheme with non-preemptive service for the

DS policy and a FIFO scheme for the BE policy. Under these

conditions, we investigate the range of performance in the

router with the best and worst QoS for class 1 packets. Note

that almost all packet scheduling solutions in conventional

routers lie in the range between these two policies.

Before describing the queuing model, we define some

common parameters for the system. Let λ be the mean

packet arrival rate to the router from the G-LAN. The packet

arrival process used for environment monitoring applications

is usually assumed to obey a Poisson distribution, because

the arrival of packets from different sensors is independent

and the number of packets from a large number of sensors is

sufficiently large in a real environment [10]. Therefore, we

assume that the arrival process of the packet to the router

follows the Poisson distribution.

Let us assume that the packet service time is exponentially

distributed, because the size of the packets in the G-EMS is

usually small. Let us assume that the system has one server,

because there is only a single link for each port of the router.

Summarizing the assumptions described so far, the system

can be modeled as an M/M/1 queue. In the following, we

present a queuing model for each mode.

A. Router with DS Policy

Let us assume that a packet classifier divides the packets

into two classes: class 1 for the real-time traffic and class 2

for the non-real-time traffic. Let us assume that λi (i = 1 or

2) is the mean arrival rate of packets generated from class i

traffic. Let μD be the mean service rate of the packets in the

output link. Let Q1 and Q2 be the buffer capacities for the

class 1 and class 2 packets, respectively, which are assumed

to be sufficiently large.

Let us focus on the delay performance of Q1, where the

packet delay requirements are very strict. Let Q1 be the mean

length of Q1 and let ρ1 and ρ2 be the mean offered loads of

Q1 and Q2, respectively. We assume that ρ1 = (1 
-

 β)ρ,

where β is the mixing ratio of the class 2 packets over the

total offered load.

The mean sojourn time (MST, denoted by S1) of the class

1 packets, which is defined by the mean time spent by a

packet in the system (buffer and server) is given as follows:

. (1)

In this formula, the first term is the mean delay of an

arriving packet (AP) caused by serving the class 1 packets

that have arrived before the AP. The second term is the mean

service time of the AP, and the final term is the mean delay

of an AP caused by serving a class 2 packet at the time of

arrival of the AP (a delay due to the non-preemptive prop-

erty of the scheduler).

From Little’s law, we have

. (2)

From (1) and (2), we obtain

. (3)

Let us assume that the target MST (T-MST) of the class 1

packets in a router is δ. The purpose of the modeling is to

determine the minimum link capacity of a router that satis-

fies the following condition:

. (4)

From (3) and (4), we obtain the following result for the

link capacity:

. (5)

Note that μD is determined by factors such as the mean

arrival rate and mixing ratio of class 1 and class 2 packets,

as well as the delay requirements of the class 1 packets.

B. Router with BE Policy

For a router with the BE policy, there is no service differ-
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entiation for the different packet types, so all packets are

stored in a single queue and are served according to FIFO. 

The mean arrival rate of packets from the aggregated class

1 and class 2 traffic is λ and μB is the capacity (or mean ser-

vice rate) for the link that connects the router to the Internet.

Q is the capacity of a buffer.

The formula for the MST of an M/M/1 queue with FIFO

service is well known, so we do not elaborate on the mathe-

matical derivation here (see [11] for detailed analysis).

In this case, the MST of packets for both class 1 and class

2 traffic is denoted by , where the index C implies ‘com-

mon’, and is given as follows [11]:

. (6)

The link capacity of the router is determined from the fol-

lowing condition:

. (7)

From the above formula, we obtain the following result for

the link capacity:

. (8)

IV. NUMERICAL EXPERIMENTS

To evaluate the performance and compute the required ser-

vice rate (RSR) of a link in the router, we conducted a

numerical experiment. Let us assume that the mean packet

size is 100 bytes and the mixing ratio of the class 2 packets

over the total offered load is β = 0.5 (these values are effec-

tive throughout this experiment).

First, note that the mixing ratio has negligible impact on

the required capacity of the link or the delay performance of

class 1 packets when an SP scheme is used for the router

(for a detailed discussion, see [12]). Therefore, we can

obtain the same results for any arbitrary value of the mixing

ratio.

The T-MST (which is equal to δ) of a packet at a router is

assumed to be a parameter. In [13], the delay budget is found

to be distributed throughout the end-to-end route of a packet.

However, there is no fixed rule for the determination of the

delay budget; it depends on the policy of the network service

provider. In general, the delay budget in a router ranges from

a few milliseconds to a few tens of milliseconds. Therefore,

let us assume a comprehensive range of T-MST (δ = 1, 5, 10,

20, and 100 ms). 

Figs. 1 and 2 show the required link capacity of the router

with the DS and BE policies, respectively. The x-axis rep-

resents the mean input rate of class 1 packets (50–450 kbps).

The y-axis represents the T-MST of class 1 packets (1, 5, 10,

20, and 100 ms). The z-axis represents RSR in the router (in

kbps). Clearly, RSR depends on the mean input rate of the

class 1 packets and the T-MST. In particular, RSR increases

significantly when the T-MST becomes very small. Note also

that RSR with the BE policy is much greater than with the

DS policy. This indicates that customers who adopt a low-

cost router with the BE policy must prepare a much faster

link for the gateway as compared with the input traffic if

they wish to receive Internet access with strict real-time

properties.

From Figs. 1 and 2, the difference between mD and mB

becomes more evident as the mean input rate of the class 1

packets increases. This implies that bandwidth has to be pro-

visioned more conservatively for the router with the BE pol-

icy, as the offered load to the system must be high to

guarantee the delay QoS of the real-time traffic. The same

trend can be obtained for different values of T-MST. Though

not shown above, we also found that the delay performance

of class 1 packets under the DS policy is independent of the

offered load of class 2 traffic. This implies that we do not

have to limit the offered load of class 2 traffic in the router

with the DS policy to guarantee the T-MST of class 1 pack-

ets.

However, the story is different when it comes to the delay

performance of class 1 packets in the router with the BE pol-

icy. As argued at the end of Section II, it is necessary for the
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Fig. 1. Link capacity of the router with DS policy.

Fig. 2. Link capacity of the router with BE policy.



J. lnf. Commun. Converg. Eng. 16(1): 31-37, Mar. 2018 

https://doi.org/10.6109/jicce.2018.16.1.31 36

offered load of the class 2 traffic in the BE router to be lim-

ited to a certain level if we wish to achieve the T-MST for

the class 1 packets. 

From Eqs. (6) and (7), we can obtain the upper bound of

the input rate of the class 2 traffic, which is shown in Fig. 3.

The x-axis represents the mean input rate of class 1 traffic

(50–450 kbps), the y-axis represents the T-MST (5, 10, and

20 ms), and the z-axis represents the upper limit of the input

rate of class 2 traffic (in kbps).

Fig. 3 indicates that the input rate of class 2 traffic must

be suppressed to a certain level to satisfy the T-MST of class

1 traffic: the lower the T-MST, the lower the input rate of

class 2 traffic. 

V. CONCLUSION

In this study, we have developed an analytic framework

for evaluating the performance and dimensioning the link

capacity of the gateway router connecting a G-LAN to the

Internet. We summarized the specification and QoS require-

ments of the G-EMS, from which we argued the necessities

of the performance evaluation for a gateway router. We then

proposed an analytic model for the gateway router with best

and worst delay performance for time-critical services under

the G-EMS. Extensive numerical computations illustrated

the validity of the proposed method.

The novelty of this work can be summarized as follows.

First, we have investigated the performance issue of the G-

EMS, which, to the best of our knowledge, is the first such

attempt in this field. Second, we presented an analytic

framework for the performance modeling of G-LAN gate-

way routers, which is the major contribution of this work.

Finally, we determined several quantitative results for the

performance of the G-LAN gateway router for both best- and

worst-service scenarios, from which we obtained the operat-

ing range of the router. This has important implications for

customers, because they can evaluate the performance of

their G-LAN system and estimate the required capacity of

the link in the access network between G-LAN and the Inter-

net.

This work is considered to be a first step toward the com-

prehensive performance evaluation of G-EMSs with strict

QoS constraints. Therefore, many studies that account for

the real environment of greenhouses are expected in the near

future.

In future research, we will investigate the attributes of sen-

sors and controllers that are deployed in the field, from

which we can fine-tune the arrival and service process

parameters of the queuing system. It is also necessary to

accumulate real-field data about the volume of traffic gener-

ated by a G-LAN, which will provide a new viewpoint for

the modeling of the system. 

We expect that this work could be extended to evaluate the

performance and design of a more general purpose IoT sys-

tem if more general analytic models for the traffic and sys-

tem were developed; this is left for future research. An

analysis on the cost of IoT services will be also needed,

which is in line with the work in [14].
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