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1. Introduction
In the last forty years, simulation has become a powerful tool in the modeling and construction of
several types of digital communication systems. Simulation has also become an important and
obligatory topic of university courses in communications. Several books have been devoted to specific
simulation methods used in communications. Jeruchim, Balaban and Shanmugan [1] published their
bestselling classic on the simulation of communication systems presenting a wide selection of topics
related to the modeling of linear and nonlinear communication systems, simulation of randomness
which is an inherent feature of communications, and showing methods of effective simulation time
shortening. The book by Gardner and Baker [2] is also devoted to simulation techniques and the
models of communication systems and processes. The book by Tranter, Shanmugan, Rappaport and
Kosbar [3] is devoted to similar issues. Their authors applied MATLAB® to model illustrating
examples of the simulation of communication systems with wireless applications. All books
mentioned so far are related to the simulation of the physical layer in communication systems. It
means that they focus on explaining the so-called link level simulation methods in which such
processes as data generation, data source and channel encoding, waveform and noise generation and
filtration, digital modulations, signal propagation over a transmission channel, signal distortion and
reception (demodulation, filtration, detection, channel decoding, etc.) are elaborated. As in digital
communication systems, their main performance criteria are bit, symbol or data block error rates, and
their estimators are inherent blocks of the simulated system.
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Scientists and developers of digital communication systems are interested not only in the
modeling and performance evaluation of single communication links. Typically, the performance of
the whole network containing many links working in parallel and interfering with each other is of
primary interest, therefore the so-called system level simulation is also necessary. This type of
simulation allows the modeling of resource management issues, admission of system users, interaction
and network loading by several types of traffic sources, etc. The aim of such modeling is network
capacity evaluation. Many processes in communication networks occur randomly in time, therefore
they can be modeled using the event-driven simulation approach widely presented in the book by
Tyszer [4].
Communication systems and networks can be modeled using different software packages and
programming languages. Several specialized software packages were offered over the history of using
simulation and modeling of digital communication systems. Obviously, general-purpose languages are
widely used, such as Fortran (mostly of historical meaning), C, C++ and the already mentioned
MATLAB. However, special software packages have been offered for simulation of communication
systems as well. COSSAP which stood for Communication System Simulation and Application
Processor was developed at the RWTH University of Aachen and distributed by Cadis. It was widely
known and used in Europe in the nineties. The competing package was SPW®, which is further being
offered by Synopsis [5]. SPW, similarly to COSSAP, promises fast development of a communication
system model by building its scheme on a computer screen from ready-to-use blocks. However,
probably the most popular simulation package is SIMULINK® [6] having similar capabilities as SPW
and featuring a huge number of building blocks implemented both in floating- and fixed-point
arithmetics. The above mentioned packages have wide capabilities of modeling and display of
interesting waveforms and partial results in the selected places of the simulated system, however, in
the case of really innovative investigations supported by intensive simulations, many new blocks have
to be constructed by the simulation developer. This is often not an easy and efficient task due to
constraints set by the block interface applied in the simulation software. Therefore, many engineers
and scientists prefer to use their proprietary software in which particular blocks which are
characteristic for communication systems of interest have already been collected in their own libraries.
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Such programs can also be individually and flexibly optimized with respect to required simulation
speed or used memory size. In this context, the IT++ library is worth mentioning [7]. IT++ is a C++
library of mathematical, signal processing and communication classes and functions. Its main use is in
the simulation of communication systems and in research in the area of communications. The IT++
library has originated from the former department of Information Theory at the Chalmers University
of Technology, Gothenburg, Sweden, however, it is now released under the terms of the GNU General
Public License and is well known among the scientific community interested in communication
systems modeling.
Although the simulation of communication systems has been used for many years, its power
was shown during the works on the standardization of the second generation GSM cellular system. To
our best knowledge, after the presentation of several competing prototypes [8], the system was agreed
upon as a compromise among them and its performance was evaluated by simulation followed by a
direct standardization by ETSI. A similar situation occurred during the development of the 3G UMTS
system which conformed to ITU-2000 requirements [9]. Between 1991 and 1995, two EU-funded
research projects called Code Division Testbed (CODIT) and Advanced Time Division Multiple
Access (ATDMA) were carried out by major European telecom manufacturers, network operators and
the academia. The CODIT and ATDMA projects investigated the suitability of wideband Code
Division Multiple Access (CDMA) and Time Division Multiple Access (TDMA) based radio access
technology for 3G systems. This work was later continued in the FRAMES (Future Radio Wideband
Multiple Access System) project and became the basis of the further ETSI UMTS work until decisions
were taken in 1998. Although a CDMA-based system in the form of IS-95 [10] was earlier introduced
in the USA, the main concepts and details of a UMTS radio interface were checked by simulation. All
following system improvements such as HSDPA, HSUPA, HSPA, HSPA+, etc., and LTE, introduced
and proposed at 3GPP meetings and finally found in 3GPP standards were intensively investigated by
simulation as well. The significance of simulation as a modeling and performance evaluation method
has further increased with the introduction of new requirements and standards in wireless cellular
systems [12]. Intensive works on wireless systems conforming to the requirements for 4G systems
defined in [12] were based on simulations as well. As it was already mentioned, both link and system
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level simulations were applied as powerful tools for investigations and verifications of several
concepts and ideas. Moreover, in order to evaluate IMT-Advanced radio interface technology
proposals, ITU-R formulated a special report [13] in which the rules of evaluation are precisely
described. In Section 2, we will present them briefly. Section 3 is devoted to the detailed description of
a radio interface technology simulator. In Section 4, simulator software architecture, its development
and calibration procedures are described. Finally, in Section 5, discussion on possible simulation tool
extensions for the evaluation of 5G systems is discussed.

2. Rules of Evaluation of Radio Interface Technologies for IMTAdvanced
Stating the requirements for the IMT-Advanced radio interface technology has triggered intensive
research in industrial and academic centers, aimed at developing a new radio interface. Its natural
consequence was a necessity to formulate the rules according to which the proposals submitted to
ITU-R will be assessed and evaluated. In the report [13], guidelines for both the procedure and the
technical, spectrum and service criteria of evaluation of the proposed IMT-Advanced radio interface
technologies have been provided for a number of test environments and deployment scenarios. From
our perspective, this guideline is a very instructive report explaining several rules of simulation which
should be applied in order to reliably investigate a new radio interface. Let us recall that the
requirements for IMT-Advanced [12] have determined, among some other criteria, the enhanced peak
data rates equal to 100 Mbps for high and 1 Gbps for low mobility to support advanced services and
applications. The proposals should be evaluated through simulation, as well as through analytical and
inspection procedures. We will concentrate on the simulation methodology defined in these guidelines.
According to [13], the simulation should be performed on the system and link levels. Selected
topics of evaluation that need system level simulation are: cell spectral efficiency, cell edge user
spectral efficiency, mobility and VoIP (Voice over IP) capacity. Additionally, mobility should be also
investigated using link level simulations.
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System level simulations should be based on two particular network layouts. The first one is a
regular grid of cells in a wrap-around configuration of 19 sites, each determining 3 cells. No specific
topographical details are taken into account. Such configuration should model the rural/high speed,
base coverage urban and microcell cells. The second network layout is characteristic for an indoor
hotspot environment. Details characterizing both layouts are discussed in the next section.
System level simulations are based on the concept of the so-called drops. Each drop can be
understood as a single statistical event. A sufficiently high number of drops has to be drawn in order to
obtain a statistical validity of the results expressed in the form of appropriate user and system metrics.
An important piece of information about statistical validity of the estimated performance metrics is the
width of confidence intervals. The most important principles in designing system level simulation for
each drop are described below.
For each drop, an assumed number of user terminals is applied and their locations are selected
according to the uniform distribution within a predefined area of the network layout. Active user
terminals are randomly assigned Line of Sight (LoS) and Non-Line of Sight (NLoS) channel
conditions. Each user terminal is assigned to a certain cell according to the algorithm proposed by the
entity submitting the system to be evaluated. Fading signals and interferences are determined from
each terminal to each base station and vice versa. For each type of environment in which transmission
is modeled, an appropriate channel propagation formula is defined in [13]. The full-buffer traffic
model (infinite queue depth) or the VoIP traffic model is assumed. In the first model, there is an
infinite amount of data bits waiting for transmission. In the second model, it is assumed that the source
rate is equal to 12.2 kbps, as in a typical speech codec used in cellular telephony. Voice activity factor
is 50 percent. A two-state voice activity model similar to the Gilbert model [14] is assumed. Users are
assigned a traffic class and their traffic should be modeled according to one of the above mentioned
traffic models. More details on traffic models can be found in [13]. Proprietary schedulers are used in
radio resource management (RRM) ensuring appropriate packet scheduling for each traffic class. All
important factors affecting the RRM quality have to be taken into account, such as channel quality
feedback delay, feedback errors, realistic channel estimation and its inaccuracies, protocol data unit
(PDU) errors and possible retransmissions and overhead due to feedback and control channels. The
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channel models applied in simulations should have dynamic properties. Thus, for a realistic evaluation
of the proposed system, the assumed channel model is of primary importance. All parameters of the
channel models to be applied are precisely defined in [13]. It allows the generation of statistically
equivalent results in the simulators owned by different partners of the system evaluation group and
makes it possible to calibrate them. Detailed description of channel models and their implementation
will be the subject of considerations in the next section. It was also presented in short in [15].
Due to a high level of complexity, the fully realistic simulation of all component links and all
RRM and other Data Link Control (DLC – Layer 2) issues would be impossible or time consuming to
the extent that valuable results would not be available within an acceptable time period. Therefore, in
order to simplify the simulation process, link level simulations are performed. As their results, error
statistics as a function of signal-to-noise ratio as well as interference level are estimated. Then, due to
an appropriately designed link-to-system interface, these estimates are used in the system simulations
performed without full modeling of physical layer (PHY – Layer 1) details.

3. Simulation Framework of the IMT-Advanced System
3.1.Introduction
As it has already been stressed before, in order to evaluate the performance of any radio access
network (RAN) technology by means of simulation, appropriate modeling of the propagation
environment is required. The level of details reflected in the model of radio wave propagation
environment is mostly driven by the radio interface technologies (RITs) specified to be used in RAN.
As the peak performance of 4G RITs is achieved when multiple transmitting and receiving antennas
are assumed at both ends of the radio link, appropriate multiple-input multiple-output (MIMO) mobile
radio channel model must be used as well. Furthermore, advanced schemes of transmission in RAN
assume the so called coordinated multiple point (CoMP) transmission applied in RAN. Let us recall
that transmission quality of users located on cell edges can be improved by coordinated transmission
and reception by a few surrounding base stations (CoMP). Therefore, appropriate spatial correlation of
mobile radio channel parameters of deployed radio transmission capable stations must be considered
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to assure adequate evaluation of a given RIT. Nowadays, cellular systems are multiuser systems in
which transmission time, available spectrum, orthogonal codes, transmission power, and spatial
dimensions are shared among currently active users. In wireless systems, the performance of a single
link depends on other links established in a given cell and its neighboring cells. This is due to cochannel interference and the applied radio resource management algorithms. The simulation of such an
environment is doubtlessly challenging and requires appropriate modeling of the propagation
environment.

3.2. Impact of the WINNR Projects
For the evaluation of candidate technologies for the IMT-Advanced system, the requirements for
which have been specified in [12], among many other guidelines, a new channel model has been
defined in the ITU-R report [13]. The defined model is an extension of the channel model described
e.g. in [16] and [17], which has previously been developed within the EU WINNER I, WINNER II,
and WINNER+ projects [22]. In the ITU-R recommended model, the concept of the spatial channel
model (SCM) for MIMO channel simulations presented in the 3GPP Technical Report [18] has been
adapted. The reader interested in the overview of the SCM and WINNER channel models is advised to
read the relevant chapters in [19] and [20]. An overview of state-of-the-art channel models can be
found in [21].
The goal of the WINNER projects was to develop a single ubiquitous radio access system
adaptable to a comprehensive range of mobile communication scenarios from a short range to a wide
area. This access system should comply with the requirements for the IMT-Advanced system. In the
WINNER I project the overall system concept was developed. The aim of the WINNER II project was
to develop and optimize the above mentioned concept and to define the radio access system. Finally,
the goal of WINNER+ was to develop, optimize and evaluate IMT-Advanced-compliant technologies
by integrating innovative and cost-effective additional concepts and functions providing an evolution
path towards further improved performance of the IMT-Advanced system. In all these research and
development activities, the wireless channel model was of primary importance. The works on channel
modelling in WINNER I focused on a wideband MIMO channel at 5 GHz frequency range starting
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from the 3GPP SCM model [18] followed by its wideband extension (SCME) [23], and the creation of
the generic model. This model, based on measurements performed in 2 and 5 GHz bands [24], was a
ray-based double-directional [25] multi-link model that was antenna independent, scalable and capable
of modelling channels for MIMO links. In WINNER II, the developed model was updated and the
number of the considered propagation scenarios was increased. Further measurement campaigns were
performed, leading to better determination of channel model parameters [26] - [29]. As a result, the
channel model for the frequency range 2 – 6 GHz was specified in [16]. The concept of time evolution
of channel parameters was presented in [30]. In the CELTIC/EUREKA WINNER+ project, the works
on channel modeling resulted in the extension of the frequency range to 450 – 1 GHz bands,
developing 3D channel models [31], and enriching the propagation scenarios. The newly developed
models are based on a generic channel modeling approach which enables the variation of the number
of antennas, their configurations, geometry and antenna beam patterns without changing the basic
propagation model. Applying this approach allows the use of the same channel data in different link
level and system level simulations. The final set of the WINNER channel models has been described
in [17]. The WINNER model has been compared with other reference models, such as the 3GPP SCM
[18] and COST 273 [32] models in [33] and [34].

3.3. IMT-Advanced Framework
As one may imagine, addressing the needs of various possible RITs and propagation and deployment
scenarios in a single evaluation framework is not an easy task. To address this task in [13], a generic
model with scenario-specific parameters was specified. In this section, we first describe the considered
test environments together with deployment scenarios associated with them. The mapping of channel
models is presented as well. Subsequently, a model structure is presented and after that, a single link
model is elaborated. This description is followed by a network layout presentation. Due to the rather
complex structure of the IMT-A simulation-based evaluation framework, it is important for a possible
user of the simulation tool to understand the way it has been constructed and the output data it
produces. Therefore, we present the procedure of channel coefficient generation.
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3.3.1. Propagation Scenarios
The purpose of the radio access network is to operate the radio interface to allow users to gain access
to services like Internet or voice calls. Due to various propagation conditions that exist in the deployed
networks, the performance of a given radio interface technology must be tested in different
environments. For the purpose of the evaluation of RITs in [13], representative propagation scenarios
were selected. The following so-called test environments were chosen [13]:



an indoor environment targeting isolated cells at offices and/or in hotspot assuming stationary and
pedestrian users. The indoor environment is characterized by the smallest cells and high user

throughput or user density in buildings.


an urban micro-cellular environment with higher user density focusing on pedestrian and slow
vehicular users. This test environment targets small cells and high user densities and traffic

loads in city centers and dense urban areas.


an urban macro-cellular environment targeting continuous coverage for pedestrian up to fast
vehicular users. This test environment focuses on large cells and continuous coverage.



a macro cell environment with high speed vehicles and trains. The high-speed test environment

focuses on larger cells and continuous coverage.
Each test environment is associated with a deployment scenario describing the configuration
of baseline evaluation of the radio network for system level and link level simulations. Each of the
deployment scenarios is supplemented with an appropriate channel model. Although different channel
models are specified, they use a generic framework that will be described in the next paragraph.
3.3.2. Model Structure
The recommended IMT-Advanced channel model structure is shown in Fig. 1 [13]. The channel
model consists of a Primary Module and an Extension Module. The Primary Module originates from
the WINNER II channel model, whereas the Extension Module has been added to enable the tests of
wireless systems operating in scenarios beyond those specified by the IMT-Advanced system
requirements [12], [13].
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Figure 1. IMT-Advanced channel model structure [13].
As seen in Fig. 1, four different scenarios are modeled in the Primary Module: indoor hotspot (InH),
urban micro-cell (UMi), urban macro-cell (UMa), and rural macro-cell (RMa). Additionally, the
optional suburban macro-cell (SMa) scenario has been taken into account in the evaluation of IMTAdvanced system proposals. Each of the scenarios is accompanied by a set of parameters that are fed
to the generic large- and small- scale parameters and channel impulse response generation procedures.
The Extension Module is a tool allowing the selection of modified parameters to generate large-scale
(LS) parameters of the simulated scenarios for macro-cell scenarios, such as UMa, SMa and RMa. The
extension module provides an additional level of parameter variability. In the primary module, smallscale (SS) and LS parameters are variables, and the extension module provides new parameter values
for the primary module based on environment-specific parameters [13]. The Extension Module is
optional for implementation.
3.3.3. Single Link Model
As explained in [13], [14], [16] - [18], the ITU-R IMT-Advanced channel model is a geometry-based
stochastic model and it is often called a double-directional channel model [21]. In such a model,
directions of the rays departing from the transmit antennas and arriving at the receive antennas are
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specified without the precise location of the scatterers. Thanks to this approach, propagation
parameters and antenna parameters can be separated. Figure 2 illustrates the scheme of a single link
between a base station and a particular mobile station.
Cluster 1

N
N

Tx 1

τ1

φ1
φ2

Rx u

Cluster N

Tx s

Rx 1

ϕ1
ϕ2

τN

UE

BS
Rx U

Tx S

Figure 2. Geometrical model of a single link MIMO channel recommended for IMT-Advanced
testing in [13].
The signal generated by the sth transmit antenna (s=1,...,S) is emitted according to the angle of
departure (AoD) distribution, for which a particular angle is denoted by ϕi. It reaches the uth receive
antenna (u=1,...,U) according to the angle of arrival (AoA) distribution. The AoA angle is denoted by

j. Local scatterers disperse the transmitted rays, which leads to the creation of the so-called clusters.
Each cluster constitutes a multipath component. Thus, the impulse response of the MIMO channel
characterized by S transmit antennas and U receive antennas has a matrix form and is described by the
formula
N

H(t; )   H n (t; )
n 1

Each matrix Hn(t;τ) represents a single multipath component. Such a component can be expressed by
the transmit and receive antenna array response matrices Ftx and Frx, and the propagation channel
response matrix hn resulting in the following formula for the matrix characterizing the nth cluster

H n (t; )   FrxT ( )hn (t; ,  ,  )Ftx ( )d d
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If we assume that the number of rays in each cluster is not higher than M, it is possible to express the
nth multipath component between the sth transmit antenna and uth receive antenna, i.e. the entry of the
matrix Hn(t;τ) in the position (s,u) in the form

 FrxV,u ( n ,m )
H u ,s ,n (t ; )    H

m1  Frx,u ( n ,m ) 
M

T



 nVV,m  nVH,m   FtxV,s (n,m )
 HV

HH   H
 n ,m  n ,m   Ftx,s (n,m )





 j 2
  j 2
 exp 
 n ,m  r rx,u  exp 
 n,m  r tx,s
 0
  0
 exp  j 2n ,mt     n ,m 




where the superscripts V and H denote the vertical and horizontal polarization, respectively, Frx,u and
Ftx,s with the appropriate superscripts denote the field patterns for the uth receive antenna array
element and the sth transmit antenna array element, the variables αn,m with appropriate superscripts
denote the complex gains for the mth ray of the nth cluster, λ0 is the wavelength of the carrier,

 n ,m and  n ,m denote the AoD and AoA unit vectors, respectively. Finally, r tx,s and r rx,u are the
location vectors of the sth transmit antenna and the uth receive antenna and ϑn,m is the Doppler
frequency for the mth ray of the nth cluster. If the time variability of the channel is applied in the
simulations, the above listed small scale parameters are functions of time t.
3.3.4. Network Layout
The paragraphs above show the basic dependencies leading to the determination of the channel
impulse response for the MIMO link between a given mobile terminal and the selected base station.
As mentioned earlier, the simulation of a single link is insufficient for the system evaluation;
therefore, the developed software channel simulator generates MIMO channel impulse responses for
all links in the simulated mobile network. These links depend on the layout of the base stations and
mobile terminals. For that reason, a network layout has to be assumed.
In the software simulator designed according to the guidelines contained in the ITU-R Report
[13], the network layout depends on the selected scenario. For the indoor hotspot network, deployed
on a single floor of a building, the simulation is performed for two sites placed in the hall of 120 m ×
20 m. There are 8 rooms (15 m × 15 m) on each side of the hall (see Fig. 3).
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Figure 3. Network layout - single floor model.

In other scenarios, such as the rural macro-cell, urban micro- and macro-cell, a basic regular hexagon
layout is assumed with a central hexagon surrounded by two tiers of cells. In consequence, there are
19 sites. Each hexagon contains three 120º-cells, so 57 cells are simulated. As it has been written
before, a wrap-around technique is applied to equalize interference conditions in all cells (see Fig. 4).
It is assumed that mobile terminals are uniformly distributed over the whole modeled area.

Figure 4. Network layout - hexagonal grid model.
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3.3.5. Model Implementation
In order to obtain sufficient statistical knowledge on the system performance in the simulated
environments, a sufficiently high number of statistical events have to be modeled. A statistical event
describes a particular distribution of mobile terminals in the simulated network coverage area for
which all transmission channels to the assigned base stations are determined. Thus, a statistical event
involves a random selection of mobile terminal locations and a selection of random properties of all
channels between the mobile terminals and base stations. As it has been mentioned before, such an
approach to deriving statistical properties of the investigated system is called the drop concept. In a
single drop, mobile station locations and large scale channel parameters are fixed. Only fast fading is
dynamically simulated.
Deriving performance measures for each drop requires the collection of an appropriately high
volume of simulation data. Reliable statistical properties are obtained by the selection of a sufficiently
high number of drops. In the assumed model [13], the properties of each drop are selected randomly
and independently of the properties of the previous drops.
The coefficients of each channel are generated in a stepwise procedure visualized in Figure 5.
First, the propagation scenario is selected and the environment parameters for this scenario are
defined. After that, the network layout is set up by generating base station positions according to the
network topology and by randomly generating the positions of user terminals and directions of their
motion. For a given scenario, the speed of all user terminals is fixed.

General Parameters
Set Scenario, Network
Layout, and Antenna
Parameters

Generate Delays

Assign
Propagation Condition
(NLoS/LoS/OtoI)

Calculate Path Loss

Small-Scale Parameters
Generate Departure
Generate Clusters
and Arrival Angles and
Powers
Perform Random
Coupling of Rays
Coefficients Generation

Draw Random Initial
Phases

Generate Channel
Coefficients

Applay Path Loss and
Shadowing

Figure 5. Generation of channel coefficients.
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In the next step, large-scale parameters are generated. First, LoS or NLoS propagation conditions are
chosen. They can be selected randomly for all terminals in the whole network; however, in the
calibration mode, the same LoS or NLoS propagation can also be chosen for all terminals. After
setting the LoS/NLoS conditions, an appropriate path loss formula is applied for each link.
Finally, large-scale parameters are generated for each link. The large-scale parameters are:
delay spread (DS), angle spread of arrival (ASA), angle spread of departure (ASD), Ricean K factor
(K) and shadow fading (SF). In order to receive correlated values of each large scale parameter, first,
random Gaussian distributed numbers for each of them are generated on a dense two-dimensional grid
covering the area of the whole simulated network. Then, each parameter surface is filtered in two
dimensions by an exponential filter with parameters determined on the basis of measurements and
given in [13]. Similarly to what has been done in [35], filtering in two dimensions is performed using
a one-dimensional filter, by implementing it as a two-step procedure. In the first step, the filtration
along the x-axis is performed. In the second step, the resulting surface is filtered again along the yaxis. Figure 6 illustrates the filter impulse responses and the filtered parameters on the grids for the
indoor hotspot scenario. The filtered surfaces correspond to normalized large-scale parameters on the
dB scale (with the unity variance and the zero mean). In order to apply them in the simulator, inverse
mapping to the log-normal distribution with scaling by the relevant standard deviation and shifting
them by the selected mean value is performed.
Let us consider K mobile terminals located in specified places and linked to the same base
station. The filtered values of each parameter at a specific location of each mobile terminal constitute a
basis for the calculation of the final parameter values which are received due to the cross-correlation
between all large scale parameters. This operation is performed by a matrix multiplication. The entries
of the cross-correlation matrix are determined by measurements. Their values are given in [13]. The
resulting large-scale parameters are Gaussian distributed. As the assumed distributions of ASA, ASD,
SF, K and DS in the channel model are log-normal, the inverse mapping from Gaussian to log-normal
random variables is applied.
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Figure 6. Filtration of the large-scale parameters in an indoor hotspot scenario for LoS propagation
conditions (IR – impulse response, LSP – large-scale parameters).
In the exemplary simulator implemented at the Poznan University of Technology, the path losses
between each mobile terminal and each base station are known. This enables the assignment of each
mobile terminal to the serving base station. Such an assignment is a procedure in which a mobile
16

station selects the serving base station from a list of candidate base stations featuring the highest
received power within the 1 dB margin. In Fig. 7, the resulting wideband signal to noise and
interference (Wideband SINR) is presented, and in Fig. 8, the selected serving cells ID is visualized.
Note that due to Figs. 7 and 8 data generation procedure, only the cross-correlation of LSPs was
performed.

Figure 7. Wideband SINR experienced by UEs.
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Figure 8. Serving cell ID map (ID numbers visualized by colors denoted in the right column)

After the large-scale parameters are fixed for each link, the generation of small-scale parameters is
performed. For each propagation scenario, the number of clusters applied in the channel model is
given in [13]. First, cluster delays in a given link are generated on the basis of the delay spread
parameter. After that, cluster powers are generated using a particular cluster delay as a parameter.
Then, each of the two clusters featuring the highest power is divided into three sub-clusters. The last
step in the small-scale parameter generation is the calculation of the departure and arrival angles, first
for the clusters and then for the rays of which the clusters are composed.
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Figure 9. Example of power-delay profile (PDP) for a single link of indoor hotspot scenario (NLoS).

Figure 10. Example of generated angles for a single link of indoor hotspot scenario (NLoS).
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Figs. 9 and 10 illustrate the above operation performed for a single link. Two plots in Fig. 9 show the
link power profile normalized to unity. Plot 9a illustrates the power profile for clusters before the
division of the two strongest clusters into sub-clusters. Plot 9b shows the power profile after
performing this operation. In Fig. 10, angular parameters of a single link are presented. Plots 10a and
10b present the distributions of the departure and arrival angles for clusters before the division,
whereas plots 10c and 10d show the same parameters after sub-cluster division. Finally, plots 10e and
10f show the ray angle distribution. In the last row of plots, the angles are wrapped into [- π ,π]
interval.
When all large- and small-scale parameters are set, the final MIMO channel impulse response
coefficients are calculated. There is a separate impulse response for each pair of the sth transmit and
uth receive antenna array elements.

4. Software Architecture, its Development and Calibration
Procedures
Implementation of the IMT-Advanced evaluation framework is a quite complex task. The initial C++
implementation of the PUT simulator was described by the authors in [15]. Since then, the tool was
substantially enriched to accommodate new extensions like relays and direct links between mobile
stations (to model interference, not transmission). The weakness of the initial implementation was
caused by insufficient structuring of the variables’ containers, so that it was crucial to extend the
model by a new set of stations and links which interconnect them. In the current implementation, there
is still one main C++ class that stores various parameters of modes and provides model instantiation,
configuration, initialization, and finally execution. Besides the main class, there is a set of classes
representing various nodes of wireless networks like base stations (BSs), relay stations (RSs), and user
equipment’s (UEs). A large part of the required processing is now focused on a class representing a
two-way communication link. This class stores the LS parameters and, if required, the SS parameters
together with channel coefficients generated for a given communication link. As it was stated in [15],
because of the model complexity and its processing power requirements, the crucial issue was the
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selection of an appropriate programming language. Scripting languages and all high-level languages
with managed memory were excluded on account of the processing power requirements. Owing to the
complexity of the model, a language with sufficient code structuring capabilities that supports high
level data management had to be used. The selection of C++ was an obvious solution because of the
two main features of this language: object-oriented programming and code reusability through
inheritance. Another important issue is providing a flexible and easy-to-use interface for the simulated
system. This goal was accomplished by implementing the IMT-Advanced channel model features
related to the current given deployment as the content characterizing various classes of stations which
were previously mentioned which can be easily inherited by similar classes representing features of
the modeled system. This design is visualized in Fig. 13, where the top level architecture of IMTAdvanced evaluation tool is presented. Because the IMT-Advanced channel model is a geometrybased model, it can yield position and orientation data. Modern radio communication systems can take
advantage of these location data in addition to the channel impulse response resulting from the radio
propagation environment; therefore, in the simulation process, not only the channel impulse response
but also some additional data derived from the channel model are taken into account. Thus, reusability
through inheritance plays a significant part. Inheritance is used to create a station class of a given type
composed of the class with channel model specific information and another class containing specific
information on the simulated system. As a result, two pieces of the software code may be integrated:
the one corresponding to the channel model and the one modeling the simulated system. This design,
together with the class representing various wireless links in the network, facilitates a clear design of
the tool. Obviously, not all the tools designed to simulate a radio communication system must follow
this design. Therefore, it is still possible to run the simulation tool in the 'standalone' mode named so
by the authors, where no inheritance from IMT-Advanced evaluation tool classes is required. The tool
is built as a library and is used in various link level and system level tools implemented in the Chair of
Wireless Communications of PUT.
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Figure 10. Top level architecture of the simulator.

Some parts of the program use the previously mentioned IT++ library [7]. This valuable library is used
to facilitate some of the operations needed to generate channel model realizations. Data containers of
the IT++ library are used to store some of the generated parameters to test model operation and
validate its modules. In our software channel model, data visualization uses the matplotlib library
which is written in Python. This language is also used for initial data processing and data visualization.
Summarizing, C++ is applied for the core processing implementation, with some help of the IT++
library and Python for data post-processing, and visualisation with the help of the matplotlib library.
Almost all plots shown in this chapter have been generated using Python scripts.
After the implementation of the channel model, the verification of its correct operation should
be the last step before software exploitation. Such work was done in the WINNER+ project by all
eight partners participating in the IMT-Advanced system Evaluation Group and its results are
available at the WINNER+ Evaluation Group web page [40]. The PUT implementation was also
calibrated and all metrics are consistent with the available data. Metrics used for the calibration are
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cumulative distribution functions (CDFs) of the following parameters: path gain and wideband signal
to interference ratio (WSINR) for large-scale parameters and delay spread, angle of arrival spread and
angle of departure spread for small-scale parameters. All metrics were obtained separately for LoS,
NLoS, OtoI (Outdoor-to-Indoor) propagation conditions using a sufficient number of system level
simulations. Details related to the calculation of the mentioned metrics can also be found in [40]. It is
worth stressing that the implemented channel model has been verified by comparison with other
channel model implementations performed by other partners to the WINNER+ project. The metrics
used for the implemented model calibration were fully consistent with those obtained by the other
partners. As practice shows, complex simulation packages should be extensively tested and if only
possible, calibrated before being used to produce results and draw valuable conclusions from them.
To the best knowledge of the authors, the IMT-Advanced evaluation framework (or at least the
channel model), and its several implementations are publicly available. A Matlab-based software
channel simulator [23] based on a WINNER-type channel model freely available on the Internet is
worth mentioning, although the network layout must be provided by the user of the tool or otherwise is
generated randomly. In order to apply this Matlab simulator in the IMT-Advanced system evaluation,
the user should provide the network topology by applying the appropriate wrap-around technique. To
validate the network layout implementation, the user should also implement the process of metric
calibration on his/her own. In the channel simulator described in this chapter, all these features are
already built in. Another implementation available at the ITU-R webpage devoted to IMT-Advanced
evaluation is shown in [38]. According to our analysis, the network layout is implemented in this tool,
but modeling of the small-scale effects is only partial, because autocorrelation of LS parameters is not
implemented. Also, some bugs have been identified, and this tool is not recommended to be used
without proper calibration. Nevertheless, its performance measured as the execution time is much
higher as compared with the previously described tool. On the other hand, the simulation tool
available at [39] is worth recommendation. It is fully functional, calibrated and designed for high
performance.
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5. Discussion on Possible Simulation Tool Extensions for the
Evaluation of 5G Systems
The necessity of system and network evaluation is further enhanced with the current development of
several technologies which will be applied in future 5G wireless systems. The exponential growth in
mobile data traffic – typical estimates give an approximately 1000x increase over the next decade –
requires an adequate response from the world’s wireless communication researchers. Since the current
4G technology will not be capable of carrying this rapid increase in data consumption, the attention of
the research community is shifting towards what will be the next set of innovations in wireless
communication technologies referring to 5G technologies [37]. These new requirements set new
challenges to the evaluation framework of 5G technologies. One of the projects currently performed
with reference to 5G and, among other things, the evaluation framework, is the Mobile and wireless
communications Enablers for the Twenty-twenty Information Society (METIS) project. Compared to
the IMT-Advanced evaluation framework, the approach of the METIS project is scenario-driven. A set
of scenarios was described in [37], with accompanying test cases. So instead of specifying a single set
of requirements like 1 Gbps data rate for low mobility and 100 Mbps data rate for high speed
scenarios, the requirements are specific for each real world scenario that is presented in detail. To
enable the evaluation of technologies investigated in specific test cases, simulation guidelines were
formulated [36]. In this paragraph, we will present the best evaluation framework specified so far for
the so called Test Case 2 (TC2).

5.1. METIS Scenarios and Test Cases
As we have mentioned, the METIS project evaluation framework is scenario-driven. The scenarios
outline the scope of METIS and correspond to one specific challenge. The challenge is a fundamental
technical difficulty that should be addressed within wireless communications systems of the future.
Moreover, each scenario addresses at least one technical goal identified by the METIS consortium.
These technical goals are:


1000 times higher mobile data volume per area,
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10 times to 100 times higher number of connected devices,



10 times to 100 times higher typical user data rate,



10 times longer battery life for low power Massive Machine Communication (MMC) devices,



5 times reduced End-to-End (E2E) latency

Within the METIS project, five scenarios have been identified:


“Amazingly fast”, where instantaneous connectivity and “flash” behavior of applications is
assumed and the users get the feeling that they get all they need, when they need, wherever
they will have the need.



“Great service in a crowd”, where the assumption is that the user of future wireless access
systems will expect good service in very crowded places despite the increase in traffic volume.
This scenario mostly includes infotainment applications in shopping malls, stadiums, open air
festivals or other public events that attract crowds.



“Ubiquitous things communicating”, where the communication needs of a massive
deployment of ubiquitous machine-type devices are addressed. A broad range of machine-type
devices is assumed, from low-complexity devices to more advanced ones, which results in
widely varying requirements in several domains e.g. in terms of energy consumption, cost,
complexity, transmission power or latency [37].



“Best experience follows you”, where the aim is to bring a similar user experience for moving
end-users as for the static ones. Obviously, this concerns both machine-type and human end
users. Devices that are highly mobile e.g. cars, trains are evident examples of communicating
machines, but sensors or actuators used for example for monitoring transported goods or
moving components in industries are also relevant.



“Super real-time and reliable connections “, where the End-to-End (E2E) latency is tackled
under the assumption that the reliability of the connection is very high, e.g. 99.999%. This
scenario envisions that in future systems, M2M communication with real-time constraints will
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enable new functionalities for traffic safety and efficiency, smart grid, e-health or industrial
communications [37].
Based on the identified challenges and scenarios, twelve different test cases have been selected.
The test case is a practical aspect formulated from the end-user’s perspective containing a set of
assumptions, constraints, and requirements. The relation between scenarios and test cases is that a
scenario may cover several test cases, whereas a test case can consider several challenges and
therefore belongs to several scenarios.
Test case 1: Virtual reality office
The virtual reality office test case is a future indoor setting where very high data rates and challenging
capacity requirements at a reasonable cost are envisioned.
Test case 2: Dense urban information society
This test case is formulated for a future very dense urban environment where requirements regarding
the performance of wireless communication system are very demanding.
Test case 3: Shopping mall
The shopping mall test case refers to an environment with a high density of users, where high traffic
volumes and user data rates with good availability are required. In this test case, both human and
machine-type communications are assumed.
Test case 4: Stadium
The stadium test case represents a challenging use case from the network operator’s perspective, that
is a mass event where the probability of correlated demand for data is very high.
Test case 5: Teleprotection in smart grid network
This test case touches the challenges of low latency and high reliability of communication within a
smart grid. The elements of the smart grid network have to perform with very tight latency
requirements, e.g. 8 ms over 10 km distances, and data reliability of e.g. 99.999% of messages
transferred correctly.
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Test case 6: Traffic jam
The Traffic jam test case captures the challenge of providing good quality network experience for invehicle users that utilize bandwidth-demanding services during traffic jam situations.
Test case 7: Blind spots
The target of this test case is to inspect ubiquitous capacity demands of future users in blind spots,
such as rural areas with sparse network infrastructure or in deeply shadowed urban areas.
Test case 8: Real-time remote computing for mobile terminals
The real-time remote computing for mobile terminals test case focuses on providing real-time access
to remote computing and cloud facilities for highly mobile terminals. The main challenge of this test
case is to provide high data rates and low latency, even in the presence of high mobility.
Test case 9: Open air festival
The open air festival test case considers an event where for a few days a significant number of users
visits a small rural area that does not require handling a high volume of data for the majority of time.
Thus, the infrastructure of a legacy network is highly under-dimensioned. Therefore, the network
needs to be complemented in a cost-efficient way for this time period.
Test case 10: Emergency communications
This test case targets the communication expectations for an event of natural disaster in a dense urban
environment. Power consumption and ultra-reliability of communication are the main challenges of
this test case.
Test case 11: Massive deployment of sensors and actuators
In this test case, the challenge of connecting a large number of connected devices is addressed. These
devices, typically sensors or actuators, need to transmit data with small payloads only occasionally,
with moderate latency requirements e.g. a few seconds.
Test case 12: Traffic efficiency and safety
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The traffic efficiency and safety test case presents challenges regarding required reliability,
availability, and latency of automotive safety services.

5.2. METIS Test Case 2: Madrid Grid Model
The METIS project Test Case 2, also known as the dense urban information society scenario, is a
future urban setting where the requirements regarding system performance are very demanding. In
particular, it is required that the future systems are able to handle high traffic volumes and high
experienced data rates under the constraint of a reasonable cost of solutions.
5.2.1. Propagation Scenarios
The METIS project recognized several propagation scenarios that are relevant for various test cases.
For the base station to mobile station link, these propagation scenarios are:


PS#1 Urban Micro Outdoor-to-Outdoor



PS#2 Urban Micro Outdoor-to-Indoor



PS#3 Urban Macro Outdoor-to-Outdoor



PS#4 Urban Macro Outdoor-to-Indoor



PS#7 Indoor Office

METIS also recognizes the need for device-to-device (D2D) communication in a future wireless
system, thus, there are also propagation scenarios for this type of communication. These are:


PS#9 Urban Outdoor-to-Outdoor (also for Vehicle-to-Vehicle),



PS#10 Urban Outdoor-to-Indoor,



PS#13 Indoor Office.

The propagation scenarios were defined with two important assumptions in mind. The first one is
that there is a need for a realistic (not synthetic) scenario. The second one is the use of 3D models for
propagation. In the current commonly used propagation models, the LoS or NLoS conditions are
randomly selected. However, for scenarios that are realistic, the sight conditions between transmitter
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and receiver should be evaluated on a real-time basis. A more detailed description of propagation
scenarios can be found in [36].
5.2.2. Environment Model
The Madrid grid model is a realistic urban environment model. The realism is achieved by
considering different environments of buildings, roads, parks, bus stops, metro entrances, sidewalks
and crossing lanes. The METIS consortium has developed this model on the basis of observations
regarding the structure of Madrid. Madrid is an example of a typical European city environment which
captures more aspects then the Manhattan grid. The Test Case 2 environmental model is presented in
Fig. 11, and it is described in more detail in Annex Section Błąd! Nie można odnaleźć źródła

odwołania. of [36].

Figure 11. 3D visualization of the Madrid grid [36]

The Madrid grid model is a result of a compromise between the need to model realistic dense
urban architecture and existing commonly used models e.g. the Manhattan grid model. The Madrid
grid model consists of non-homogeneously placed buildings, which makes it more realistic and allows
better capturing of e.g. real-life behavior of users in motion, diversity of SINR distribution or
heterogeneity of cellular network deployment.
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The Madrid grid consists of:


15 buildings of different dimensions (length, width and height) ,



a park,



streets of different dimensions and characteristics



crossroads,



metro stops,



bus stops.

Total dimensions for the Madrid grid is 387 m (east-west) and 552 m (south-north) assuming only one
sidewalk, parking lane and road lane between the edge buildings and the layout border.
In order to limit the border effect, a wrap-around technique is used. The wrap-around is
implemented by placing nine identical representations of the simulated area. However, only the data
derived from the central one can be used for the evaluation of the simulation results. The copies that
surround the central area are used to create a more realistic, not isolated simulation environment.
The network consists of:


a single macro station operating in three sectors with antenna elements positioned on the edge
of the rooftop of building No. 6 at the height of 52.5 m. Azimuth (with respect to the north
direction) and vertical orientation (clockwise) of antenna elements are as follows:



o

Antenna 1: azimuth 00, electrical tilt 150, mechanical tilt 70

o

Antenna 2: azimuth 1200, electrical tilt 150, mechanical tilt 180

o

Antenna 3: azimuth 2400, electrical tilt 150, mechanical tilt 180

twelve micro/pico cells, whose antennas are positioned on a lamppost, 10 m above the ground,
3 m away from the nearest building and on the symmetry axis of the nearest building. Each
micro/pico station has two cells that point towards the main street with the same antenna
pattern as macrocells.

Apart from the macro and micro/pico station, the network can also be enhanced by a dense
network of small cells (e.g. femto cells) with perfectly isotropic antennas. Outdoor small cells are
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positioned on the facade of a building 5 m above the ground level. Indoor small cells are positioned at
room ceilings at the height of 3 m above the floor ground. Similarly to the IMT-Advanced framework,
a wideband SINR experienced by UEs, and serving cell ID were plotted in Figs. 12 and 13,
respectively. The currently proposed modeling of small-scale effects in based on the approach of the
IMT-Advanced evaluation framework, but, as it was stated previously, the Los/NLoS condition is not
random but actually taken from the environment and determined using the ray-tracing approach.
5.2.3. Outdoor Mobility Model
In the dense urban information society test case, there is a need to consider both indoor and various
outdoor mobility models. They are pedestrian mobility and vehicular mobility models. These models
should also take into account the behavior of traffic lights. Here, we focus on the outdoor models.
Test case 2 defines two versions of outdoor mobility models, the simplified and detailed one.
The simplified pedestrian mobility model is based on the urban mobility model considered in 3GPP,
where a fixed number of pedestrians are randomly initialized at different building exits with uniformly
chosen speed from the [0,3] kmph interval. The pedestrians with non-zero speed are additionally
assigned a direction of movement. More details on the simplified pedestrian mobility model can be
found in [36]. The detailed version of mobility model for pedestrians follows the initialization
procedure of the simplified version, with the difference that instead of the direction of movement, a
destination is chosen. The destination can be either the closest metro stop, or the nearest bus stop.
Pedestrians then move towards the destination along the shortest path. Depending on the type of the
destination, the pedestrian either enters a metro station or waits for a bus at a bus stop. After entering
the metro station, the user temporarily disappears for a random time interval to be then re-initialized at
a different metro stop with a new speed and destination. The users that reach the bus stop as their
destination, enter a bus on a first-come-first-served basis until the bus capacity is reached. Buses
disappear on the boundaries of the simulation area and each user on a bus is re-initialized at a
randomly chosen bus stop.
Regarding the vehicular mobility model, the test case recognizes two types of vehicles, namely
cars and buses. Car mobility is the same for both the simplified and detailed version of the model. A
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fixed number of cars are distributed on the streets of the scenario with a fixed velocity of 50 kmph.
Each car is assigned a uniformly chosen number of users from the interval [1,5]. Cars move on street
lanes until they reach a junction where they can turn, and the decision about a turn is made with an
arbitrary probability. At the junctions, cars stop at red traffic light and also when there is another
vehicle less than 4 m in front of them. The simplified mobility model for buses assumes that they
arrive through Poisson process with an inter-arrival time of two minutes on each street with the fixed
speed of 50 kmph and carry a uniformly chosen number of passengers from the interval of [1, 50].
Buses move only in straight lines and stop only on red traffic lights or when there is another vehicle
less than 4 m in front of it. Both cars and buses bounce back at the boundaries of the simulation
environment. The detailed mobility model for buses employs similar assumptions to the simplified
version, however, the buses are initialized with only one user (that is a bus driver) and can stop
additionally at a bus stop, where the passengers enter the bus until either there are no pedestrians left
or the bus capacity is reached. The bus can stop at a bus stop only if the bus maximum capacity is not
reached.
A traffic light model that complements the mobility models is also defined. All the traffic lights in
the scenario grid have two options, red and green. The switching between the lights is performed
simultaneously by all traffic lights with a pattern that repeats itself every 90 seconds.
As we see from the above description, the level of details, especially in the mobility model, is
enormous. The model is far from that in which mobile stations move in random directions with the
same speed which was used in many simulators so far.
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Figure 12. Wideband SINR experienced by UEs
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Figure 13. Serving cell ID map (ID numbers visualized by colors denoted in the right column)

The above listed test cases and the mobility model shown for Test Case 2 show the level of details to
be modeled in the future evaluation framework of 5G system proposals. An important observation is
that the evaluation framework will be based on carefully selected scenarios. Taking into account all
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the details of these scenarios present a considerable challenge for simulation tools which have to
supply statistically valuable results within a reasonable time interval.

Conclusions
In this chapter, the development of simulators used in the evaluation of wireless cellular systems has
been sketched. We mentioned the validity of simulation methods used in GSM and 3G system
development. Then we described the main guidelines stated by ITU-R for the evaluation of wireless
system proposals which should comply with IMT-Advanced requirements. These guidelines can be
considered as clear hints on how to perform system and link level simulations not only for the IMTAdvanced system but also for any other wireless system. As the authors of the chapter have their own
experiences in the construction of highly advanced wireless system simulators, their experiences from
the

work

in

the

IMT-Advanced

Evaluation

Group

performed

within

the

WINNER+

EUREKA/CELTIC project have been reported. In particular, channel models have been described
showing some exemplary plots illustrating system level simulations results. As the works on wireless
system modeling aimed at the evaluation of future 5G systems are continued e.g. within the European
Union Seventh Framework METIS project, some descriptions of test cases and evaluation scenarios
are given. These works need further advancement and they present a substantial challenge not only to
5G system designers but also to system simulator developers.
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