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Abstract

Simulation of wireless fading channel effects in frequency-domain is highly
beneficial in term of computational complexity comparing to canonical
time-domain model, but at the cost of low accuracy caused by utilization
of circular convolution and assumption of channel invariance during an
OFDM symbol period. In this work, novel frequency-domain models are
proposed to increase accuracy of the trivial block-fading model, when still
maintaining its low complexity. The first method preforms emulation of
distortion caused by Intercarrier Interference (ICI) due to user mobility.
This is achieved by interpolation of the channel response matrix performed
directly in frequency-domain. The second method emulates Intersymbol
Interference (ISI) in high delay spread scenarios with insufficient cyclic pre-
fix, by using a newly developed fast DFT of a triangular Toeplitz matrix.
Accuracy of the proposed models is evaluated in reference to the canonical
time domain model by comparing the error between original and emulated
frequency response, as well as the high-level system performance metrics
as BER and BLER. It is shown that utilization of the improved frequency-
domain models instead of the block-fading model substantially decreases
the BER and BLER prediction error in specific scenarios. Complexity of
the frequency-domain models is much lower in case of multi-user scenarios
comparing to the time-domain model. Moreover, utilization of the models
in a process of Hardware-in-the-Loop validation of Control Unit (CU) of
the Cloud-Radio Access Network (C-RAN) architecture is addressed.
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Chapter 1

Introduction

Verification of wireless communication devices has always been an impor-
tant aspect in the process of evaluation, development and deployment of
modern Radio Access Technologies. Today, at the time of the first com-
mercial trials of 5G networks, the process of verification has become more
challenging due to the grooming number of new mobile services and appli-
cations emerging from the three main use cases, including enhanced Mobile
Broadband (eMBB), massive Machine Type Communications (mMTC)
and Ultra-Reliable Low Latency Communications (uRLLC). In view of
these main 5G scenarios, the development of flexible and diversified test
environments is highly desired to reduce the total time-to-market, reduce
the risk of error in the final product, as well as ensure an acceptable quality
of both hardware- and software-based 5G wireless solutions.

Testing and verification of modern mobile communications standards,
like 3GPP 4G Long Term Evolution (LTE) and 5G New Radio (NR), are
challenging task due to very high complexity and flexibility of the systems.
A well-designed and reliable verification process ought to meet the require-
ments for realness, comprehensiveness, rapidity and flexibility [122]. In
order to fulfill the mentioned requirements and optimize the development
cycle of wireless communication devices, a different approach for validation
and testing must be maintained at different stages of the process, depend-
ing on product maturity and the scope of performed verification. The
validation process tend to be divided into four complementary parts that
exploit different aspects of the system design. The validation methods,
according to the classification in the book [122], are: software simulation,
hardware-in-the-loop co-simulation, hardware validation and field testing.

The high-level software simulation approach is used primarily at the
early stages of the product life-cycle to evaluate the requirements and
abstract the system behavior, allowing the relations between various com-
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ponents of the network to be modeled. At this stage, the influence of the
utilized algorithm and component behavior in various simulation scenar-
ios is evaluated against measurable performance indicators of the system.
The high-level simulation of wireless communication systems is divided
into two canonical categories [37, 56, 85, 93]: a link-level simulation, to
model the point-to-point connection between nodes and evaluate the phys-
ical layer performance, and a system-level simulation, to model interaction
between multiple network components and neighboring cells. Implementa-
tions of link- and system-level simulators are commonly based on commer-
cial software frameworks, including toolboxes delivered with MATLAB or
NS3 [76,87].

The software simulation approach, besides its great advantage in high-
level system modeling, does not provide the capability to verify low-level
hardware and real-time software implementations of the system compo-
nents, which tend to be much more complex than their behavioral models
used in simulations. To verify whether the product is correct in terms
of implementation and meets the requirements, the Hardware-in-the-Loop
(HIL) [30, 41, 42, 72, 102] technique may be used as a trade-off between
software simulation and hardware evaluation. In this approach, the De-
sign Under Test (DUT), i.e. an actual device or a module being validated,
interacts with software behavioral models simulating the remaining part
of the system through standard external interfaces of the tested device or
module. It is assumed that the behavior of the DUT is identical to in-
teraction with a real system. In this work, new algorithms are proposed
that may optimize the process of hardware-in-the-loop co-simulation and
hardware validation, which are designated to verify both hardware and
software implementation either of base stations or mobile terminals in the
laboratory environment.

Testing of the communication devices in the laboratory environment is
possible by utilization of specialized test equipment. Effects of a wireless
propagation channel are commonly reproduced using the channel emula-
tor - a dedicated hardware module connected between the base station
device being verified, and the mobile terminal or its simulator. Some ex-
amples of the commercial channel emulators are Keysight Propsim F8 and
Spitrent SR5500. One of the tasks accomplished by the channel emulator is
stochastic generation of time-variant channel coefficient and non-recursive
filtration of the radio signal according to the Tapped Delay Line (TDL)
model of multipath propagation. Such scheme incorporating the TDL
structure serves as a baseline for most of existing stochastic models of a
wideband radio channel, which are commonly diversified by the way how
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the channel variates are being generated, for example, simple, but com-
monly accepted Wide Sense Stationary Uncorrelated Scattering (WSSUS)
model. A well defined fading channel model should emulate as many as-
pects of a real-life channel as possible, but also be well optimized to allow
for low complex real-time implementation in either hardware or software,
to reduce the total cost of the test equipment [13,54,115]. The complexity
aspect of the channel emulation becomes substantial when MIMO channels
or multi-user scenarios are considered [39].

On the other hand, cloudification and network virtualization are es-
sential aspects of the 5G technology development, as they lead to con-
siderable reductions in power consumption and increased scalability. The
concept of a Cloud-Radio Access Network (C-RAN) assumes splitting the
architecture of the base station into two parts: the Control Unit (CU),
a virtualized part centralized in the cloud environment, and the Dis-
tributed Unit (DU), being strictly tied to a served cell and located in the
field [29,65,73,80,101,103,112,119]. Architecture split has a lot of benefits,
but the most prominent one is the capability to share and multiplex the
CU resources between various geographic locations, allowing for load bal-
ancing of the baseband processing power. Multiple split options have been
proposed and evaluated, including splits between various sublayers of the
MAC and physical layer. However, the Intra-PHY splits have gained the
greatest attention, as they maintain a solid compromise between the com-
plexity of DU and reduction in the total overhead data traffic exchanged
over the crosshaul interface. The Intra-PHY splits assume splitting the
base station architecture between the lower and the higher parts of the
physical layer. As a consequence, data exchanged between the CU and
the DU over the crosshaul interface have the form of encoded bits or IQ
constellation points mapped to frequency-domain OFDM subcarriers.

Verification of the C-RAN CU based on HIL methodology may bring
a lot of benefits, including faster time-to-market or testbed cost reduc-
tion. When real DU hardware is replaced by its simpler behavioral model,
communication between the CU, being the actual DUT, and the simu-
lation environment is maintained at the level of the crosshaul interface.
Considering a channel emulator designed to operate at the level of this
crosshaul connection, a conventional digital baseband time-domain emu-
lator based on the TDL structure might be selected for implementation.
As presented in this thesis, this approach requires the transformation of
crosshaul frequency-domain data assigned to a given user back to the time
domain, applying the channel filter and then transforming the signal back
to the frequency domain. Moreover, the data of each user must be pro-
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cessed separately, which consumes a considerable amount of computational
resources. For example, typical small-cell LTE base station is able to pro-
cess up to 2000 connected users [66] and up to 25 users transmitting dur-
ing the same OFDMA symbol. In a multi-user scenario, the process of
channel emulation requires calculation of the temporal impulse response
and realization of linear convolution with the baseband signal for each
user independently in time domain. Moreover, when the base station is
tested together with a multi-user simulator, not a real terminal, addi-
tional iterations of Fourier Transform are required per user to transform
frequency-domain orthogonally-mapped data to time-domain signals. As
an alternative, the frequency-domain architecture of a fading channel em-
ulator can be employed to reduce the complexity of the TDL structure
by use of the fast convolution method with O(n) complexity [92]. More-
over, when a synchronized OFDM signal is considered, this complexity
reduces to O(Nsc) for all users, with Nsc denoting the number of non-
zero subcarriers allocated for transmission during a given OFDM symbol.
The frequency-domain simulation model gains a substantial complexity
advantage against the time-domain approach. Because the DUT, being
the C-RAN CU device, transmits and receives baseband data on a subcar-
rier level using the crosshaul interface, there is no need to transform the
signal between the time and frequency domains to apply fading channel
effects on subcarriers allocated to each user.

Computational complexity of the channel emulator designated for ver-
ification of OFDMA systems can be considerably reduced when the em-
ulation of multipath channel effects is implemented in frequency domain,
instead of conventional time domain. At the time, only the subcarriers
allocated to each of the users are taken for calculations due to orthogo-
nal resource allocation in frequency. Complexity of the TDL structure is
reduced by using the fast convolution method to only O(n) for all users,
instead of O(Nusers · n2).

The existing channel models defined in frequency domain are con-
strained with some limitations comparing to the time domain approach.
Those limitations araise from the fact that a convolution of a channel fre-
quency response with a transmit signal is implemented in a form of the
cyclic convolution, but not the linear one as defined in time domain. In a
consequence, frequency domain channel emulation models assume invari-
ance of the channel impulse response during the same OFDMA symbol. In
other words, capabilities of the frequency-domain emulator are reduced to
the block-fading only. This constraint does not allow to reflect the behavior
of a real-life wireless channel, because coefficients forming the channel im-
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pulse response may vary between consecutive signal samples. Due to this
fact, phenomenon of Intercarrier Interference (ICI) is neglected, what may
lead to distortion of simulation results, especially in scenarios with high
user mobility. Another limitation imposed by frequency-domain channel
emulation models is a lack of capability to reproduce the effects of Inter-
symbol Interference (ISI). The ISI appears in scenarios with rich scattering
environments when delay spread of the channel is greater than the cyclic
prefix length of an OFDMA symbol. Beside low complexity offered by
the frequency domain channel emulation, their applicability is limited to a
narrow group of test scenarios. It is therefore important to develop more
accurate emulation models that take into account signal degradation due
to ICI and ISI, at the same time providing low computational complexity.

This dissertation aims to prove the following thesis:

Emulation accuracy of the Intercarrier and Intersymbol Interference phe-
nomena occurring in the wireless radio channel in OFDMA technology can
be efficiently increased by using approximation of the channel frequency
response matrix in frequency domain, and also by using the Fast Fourier
Transform of the Toeplitz matrix in case of channels with a long delay
spread.

Specific contributions of the work presented in this dissertation are:

• Proposition of novel models that shall allow to overcome limita-
tions of the trivial block-fading frequency-domain channel model,
but maintaining its low complexity. Two methods to increase accu-
racy of the frequency-domain model are proposed. The first method
preforms reconstruction of distortion caused by ICI due to mobility,
which is achieved by interpolation of the CFR matrix done directly
in frequency-domain. The second method reconstructs the ISI in
high delay spread scenarios with insufficient cyclic prefix.

• Derivation of a formula that allows for fast DFT calculation of an
upper-triangular Toeplitz matrix. The formula is a basis of the ISI
reconstruction algorithm.

• Recommendation of a signal processing framework for HIL validation
of C-RAN CU, based on channel emulation in frequency-domain,
instead of conventional time-domain approach. Despite that some
studies concerning testbeds for the C-RAN architecture evaluation
were reported [112], the following work is the first to address the
problem of fading channel emulation in a process of commercial C-
RAN equipment validation.
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• Evaluation of the impact on uncoded BER and coded BLER of the
system is empirically evaluated through simulation to expose the
accuracy loss caused by utilization of the non-ideal frequency-domain
channel emulation models. Diversified baseband receiver structures
are evaluated. It is shown that the impact imposed by accuracy of
the channel emulator may affect performance of different receivers in
a different way.
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Chapter 2

Theoretical Background

2.1 Stochastic Modeling of Wireless Fading

Channel

Stochastic modeling of mobile radio propagation channel is commonly used
as a tool for design, analysis and verification of communication systems
and commercial equipment [88]. Comparing to deterministic approaches
for channel modeling, e.g. ray tracing [98, 110], a great advantage of the
stochastic models is their generality. This allows for system simulations
based on the Monte Carlo methods, concurrently maintaining a low cost
and effective implementation of the channel emulator.

Radio signal during its propagation from transmitter to receiver through
the air interface is affected by channel effects, causing a degradation in term
of signal amplitude, as well as phase rotations. Effects in the mobile radio
channel can be characterized by the following phenomenons:

• Path Loss

Radio wave is attenuated due to propagation though open space.
Path loss grows with the distance between a receiver and a trans-
mitter. Signal attenuation per distance unit heavily depends on the
propagation environment [50]. In case of the free space propagation
model, where no scatters are assumed to be present on the propaga-
tion path, the path loss behaves according to an inverse-square law,
growing with the distance between antennas and a frequency of the
radio wave [106].

• Additive White Gaussian Noise (AWGN)

Signal is corrupted by independent amplitude variations statistically
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modeled by Gaussian distribution. The primary source is a thermal
noise of the analog circuits at the transmitter and the receiver. The
other prominent source of noise in mobile communication systems is
inter-cell and inter-user interference.

• Multipath propagation

Transmitted radio signal will encounter multiple objects in typical
propagation environment. Depending on the size of the object, wave
can be reflected, diffracted or scattered, causing amplitude attenua-
tion. Multiple delayed copies of the same wave are summed together
at the receiver. This causes constructive and destructive interfer-
ences of the signal. Intensity of a signal received in multipath con-
ditions as a function of time delay is called a Power Delay Profile
(PDP).

Depending on the time delay Td of multipath component and trans-
mit symbol duration Ts, signal can exhibit flat fading or frequency
selective fading [44]. When the path’s delay exceeds symbol time
Td > Ts frequency selective fading phenomenon is observed, which
causes performance degradation due to an Intersymbol Interference
(ISI). Frequency flat fading takes place when Td < Ts. This means
that all the components arrive within a single symbol duration.
There is no ISI effect; however, the received signal is degraded by
interferences from phase shifted copies of the same signal.

• Shadowing

The dominant signal path may be reflected from a very large obstacle,
like mountains or buildings [106]. In such situations, coherence time
of a channel will be often much greater than the symbol duration,
thus the channel may be considered as constant over a period of use.

• User mobility

When positions of a transmitter and a receiver are fixed in space, the
radio channel can be considered as static in term of multipath prop-
agation, allowing for very small variations due movement of some
reflectors. When the positions of transmitter or receiver is changing
in time, number of multipath components, their attenuations and
phases are time varying. Signal seen by the receiver is affected by
the Doppler effect as well. It causes a frequency shift of individual
spectrum components relative to the carrier frequency and angle of
arrival.
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2.1.1 WSSUS Channel Model and Tapped Delay Line

The phenomenon of frequency-selective fading occurs in a wideband wire-
less communication channel when the coherence bandwidth is much smaller
than the transmission bandwidth. This results in uncorrelated fading
over different frequency components. A mathematical representation of
frequency-selective fading is given by a time-variant convolution opera-
tion:

y(t) =

∫
x(t− τ)h(t, τ) dτ + w(t) (2.1)

where x and y represent channel excitation and response, respectively, h is
a time-variant impulse response. The term w ∼ CN (0, σ2) is a zero-mean
complex circularly-symmetric Additive White Gaussian Noise (AWGN),
representing both external uncorrelated interference and an amplified ther-
mal noise inducted in the receiver. The impulse response h is represented
in frequency domain according to the continuous Fourier Transform:

h(t, f) =

∫
h(t, τ) exp(−j2πfτ) dτ (2.2)

Assume the channel frequency response h given by (2.2) is bandlimited
by frequency fw, i.e. h(t, f) = 0 for all |f | > |fw|. Using sampling theorem
to discretize (2.1) with sampling frequency fs > fw yields the following
equation [17]:

h(t, τ) =
∞∑

n=−∞

h
(
t,
n

fs

)
sinc

(
fs
(
τ − n

fw

))
(2.3)

where sinc(x) = sin(x)
x

.

The concept of Tapped Delay Line model for multipath radio wave
propagation is based on observation that the energy within an impulse
response of the channel h in delay domain τ tends to be grouped within
a tight cluster regions [62]. The TDL is well characterized by a discrete
Power Delay Profile (PDP) to represent a time-averaged impulse response
of the channel, where the path delays between specific clusters of multi-
path components can be resolved, whereas the components within a single
cluster are non-resolvable [52]. Sampling (2.1) with period Ts yields a non-
recursive digital filter equation, where each temporal coefficient represents
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response of a single cluster:

y(n) =
∞∑

m=−∞

x(n−m)h(n,m) + w(n) (2.4)

where t = nTs and τ = mTs with Ts = 1/fs being a sampling period.
The discrete channel impulse response is given by:

h(n,m) =
L−1∑
l=0

al cl(n) δ(m− dl) (2.5)

where L is a number of channel taps, al and dl are given by PDP to
represent average power and excess tap delay of path l = 0, ..., L− 1, and
δ(·) is the Kronecker delta function. The factor cl(n) is a random process
generated according to the scattering function, which represents variability
of phase and amplitude of the channel tap.

The Wide Sense Stationary Uncorrelated Scattering (WSSUS) model
is a specialization of the TDL model with two additional properties [17]:

1. Uncorrelated Scattering (US) - realizations of the channel taps with
different delays are uncorrelated.

2. Wide Sense Stationary (WSS) - the second order statistics of each
channel tap are stationary with respect to time, i.e. their mean and
autocorrelation are invariant in time.

Combination of the aforementioned WSS and US properties allows to
formulate the WSSUS property as [51]:

E
{
h(n,m), h∗(n′,m′)

}
= rh(n− n′,m) δ(m−m′) (2.6)

where rh(·, ·) is a 2D correlation function of the channel in time and delay
dimensions.

The WSSUS model is a commonly accepted representation of a wide-
band frequency-selective channel. It serves as a tool used to evaluate the
performance of wireless communication systems and provides a universal
model for many types of mobile fading channel, when limited frequency
bandwidth and time of observation is assumed.

The time-varying coefficients cl(n) are often modeled as zero-mean cir-
cularly symmetric Gaussian random processes. If this assumption is sat-
isfied, the WSSUS model is fully defined by the PDP, namely the set of
al and dl pairs from (2.5), and the Probability Density Function (PDF) of
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Figure 2.1: Implementation of the WSSUS channel model in a form of a
non-recursive filter with time-varying coefficients.

the scattering process. Examples of the scattering process PDF studied in
the literature are Clarke-Jakes PDF [34,57], von Mises PDF [11] or Gaus-
sian PDF [18]. However, the Clarke-Jakes PDF has gained the biggest
attention in the field of mobile communications due to its generality and
simplicity. The model is further discussed in section 2.1.2.

The TDL model described in this section results in the simulator’s
structure depicted in Fig. 2.1, which can be successfully implemented
either on hardware or in software. The functional blocks labeled Jakes
generator are responsible for generation of complex Gaussian processes
cl(n) with defined PDF function.

2.1.2 Clarke-Jakes Uniform Scattering Process

The scattering model was initially proposed by Clarke [34] based on ob-
servation of fading phenomenon in radio signal, then extensively enhanced
by Gans [35] and Jakes [57]. The model is based on the following assump-
tions [95]:

1. Scattering of electromagnetic waves is isotropic from the perspective
of the receiving antenna. The wave propagation takes place in two-
dimensional space.

2. The scattered waves arriving at the receiver antenna are independent
and have the angles of arrival uniformly distributed throughout 0 to
2π.

3. The receiver antenna is omnidirectional.

The aforementioned assumptions imply that the model very well applies
to heavily urbanized environments with high density of buildings scattering
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and reflecting the signal. Additionally, the model assumes that there is no
dominant multipath component in the received signal, implying that the
signal propagation between the transmitter and the receiver in non-line-
of-sight. Applicability of the model in aforementioned environment was
proven by measurements reported in the literature [32].

Define the scattering component as a continuous-time complex signal
µ(t) = µ1(t) + j µ2(t), the way that the scattering processes cl(n) of the
WSSUS model in (2.5) are obtained by sampling of the µ(t). The Clarke-
Jakes PDF is given by [34]:

Sµµ(f) =

{
2

πfD
√

1−(f/fD)2
if f ∈ [−fD, fD]

0 otherwise
(2.7)

where fD is the maximum Doppler frequency. Clear derivation of the
formula (2.7) can be found in the appendix of [95], hence it is not included
in this chapter.

Since µ1 and µ2 are Gaussian, the envelope of the scattering process

ε(t) =
√
µ1(t)2 + µ2(t)2 is a random variable distributed according to the

Rayleigh PDF [57]:

pε(x) =
x

σ
e−

x2

2σ (2.8)

where σ = E(ε2) is a mean power of the scattering process.
Autocorrelation function of the real and imaginary parts of the scatter-

ing process µ(t), defined as the Fourier Transform of the PDF (2.7), and
the cross-correlation functions are given by:

Rµµ = E
(
µ(t) · µ(t+ τ)∗

)
= 2 · J0(2πfDτ) (2.9a)

Rµ1µ1 = E
(
µ1(t) · µ1(t+ τ)∗

)
= J0(2πfDτ) (2.9b)

Rµ2µ2 = E
(
µ2(t) · µ2(t+ τ)∗

)
= J0(2πfDτ) (2.9c)

Rµ1µ2 = E
(
µ1(t) · µ2(t+ τ)∗

)
= 0 (2.9d)

where J0 is the zero order Bessel function of the first kind.
Assuming that cl(n) is obtained by sampling of µ(t) with period Ts,

this allows to derive autocorrelation functions for the discrete scattering
processes on (2.9):

E
(
cl(n) · cl(n+ p)∗

)
= 2 · J0(2πpfDTs) (2.10)

Generation of the Rayleigh fading variates with the autocorrelation
function given by (2.9) has been intensively studied in the literature. The
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Figure 2.2: Autocorrelation (left) and PDF (right) of the Jakes fading
process.

Figure 2.3: PDF of the Rayleigh distribution.

aspects of statistical properties, simulation complexity and suitability for
hardware implementation were commonly concerned. Multiple methods
have been reported over the years; however, nearly all of them can be
categorized into one of the following categories:

• Sum-of-sinusoids (SoS)

The method initially proposed by Jakes [57] generates samples of the
fading process as a sum of multiple low-frequency oscillators. Later,
some limitations in term of statistical properties of the fading vari-
ates generated by the Jakes simulator have been reported [91] and
several improved models have been proposed [15, 68, 97, 127]. Fad-
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ing samples can be generated online during simulation as a sum of
trigonometric functions with random initial phases. Complexity of
the process and accuracy of theoretical autocorrelation function fit
depends on the total number of oscillators used. However, the au-
tocorrelation function fits the theoretical values only for some finite
number of samples under specific lag, which yields to a need for run-
time reinitialization during long simulation runs in order to maintain
desired statistical parameters in a large scale.

• IDFT method

The fading variates are generated in three steps [109,124]. First, the
PDF function (2.7) is multiplied with a complex vector with samples
taken from the Gaussian distribution, then zero padding is applied
and a large IDFT operation is performed to produce time domain
samples. One of the drawback of this method is that the coefficients
must be generated offline and stored in RAM prior to simulation,
which tends to be very ineffective in case of long runs. The problem
can be partially solved by using the overlap-save method [121].

• Autoregressive–Moving-Average (ARMA) filtering

This method is derived from the IDFT method, but completely re-
alized in time domain by a means of IIR and FIR filtering and inter-
polation [16,64,114]. The method is designated mostly for hardware
implementations due to its parallel structure [13].

• Markov chain

Using this method, both amplitude and rate-of-change of the fading
process is quantized and modeled in a form of a finite state Markov
chain [26,100].

2.1.3 Stochastic Modeling of Multi-Antenna Chan-
nels

When a MIMO system with NTX transmit and NRX receive antennas is
considered, the temporal channel response between any pair of antennas in
a transmitter and a receiver is partially correlated due to spatial separation
and displacement of scatters. In practical applications, the distance be-
tween antennas in the receiver or transmitter is of order of a wavelength,
allowing the channel matrix to be invertible. The relationships in the
MIMO channel can be described by analytical models as Kronecker [63],
Weichselberger [116] or Virtual Channel Representation (VCR) [111].
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Let H be the NRX × NTX MIMO channel matrix, defining temporary
channel response between each receive and transmit antenna pair. The
simplest of the models, the Kronecker model, can be expressed as:

H = R
1/2
RX Hi.i.d.

(
R

1/2
TX

)T
(2.11)

where RTX and RRX are mobile user and Base Station antenna covariance
matrices with size NTX ×NTX and NRX ×NRX, respectively and Hi.i.d. is
a NRX ×NTX matrix of i.i.d coefficients of Rayleigh fading channel.

In practice, calculation of the matrix H is done with reduced complex-
ity using a form equivalent to (2.11) [63]:

vec(H) = C vec(Hi.i.d.) (2.12)

where vec(·) is operation of matrix vectorization into column vector and
C is obtained by Cholesky decomposition of RMIMO = RRX ⊗RTX, i.e.
CCH = RMIMO provided that RMIMO is non-singular, denoting ⊗ as the
Kronecker product operator.

2.2 Requirements for Fading Channel Mod-

els in Modern Radio Access Technolo-

gies

2.2.1 3GPP Long Term Evolution

In the LTE standardization document [8, 9], 3GPP specifies a set of con-
formance requirements for LTE base stations in term of uplink signal re-
ception under fading channel conditions. The overall propagation effects
of the radio channel are modeled to be triply selective in time, frequency
and space, taking into account the following aspects [1]:

• Power delay profile in a form of Tapped Delay Line in order to re-
produce the frequency-selective nature of the channel. It is modeled
according to WSSUS model, described by section 2.1.1 of this chap-
ter.

• Time-varying nature of each multipath component is achieved by
representation in a form of Gaussian processes with Clarke-Jakes
PDF, characterized by maximum Doppler frequency. The Clarke-
Jakes PDF was covered by section 2.1.2. In the 3GPP specification
document, it is referred as Doppler power spectrum.
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Table 2.1: Extended Pedestrian A (EPA) delay profile [9].
Excess tap delay [ns] Relative tap power [dB]

dl Ts 10 log10(al)
0 0.0
30 -1.0
70 -2.0
90 -3.0
110 -8.0
190 -17.2
410 -20.8

• Correlation between transmit and receive antennas in case of MIMO
systems. The correlation of neighboring channels is determined based
on Kronecker model covered by section 2.1.3.

The 3GPP standard [9] defines three power delay profiles to model
different types of propagation environments, which are used to achieve
proper frequency correlations caused by frequency-selective fading. The
names of the models are Extended Pedestrian A (EPA), Extended Vehic-
ular A (EVA) and Extended Typical Urban (ETU). Definition of the first
one was shown in Table 3. The models are defined by 7 to 9 taps repre-
sented by a pair of excess delay dl and attenuation al, each corresponding
to a single delayed copy of transmitted signal as provided by (2.5).

The Clarke-Jakes PDF given by (2.7) is parameterized by the maxi-
mum Doppler frequency fD, which is determined from the mobile terminal
velocity. Depending on the test conditions defined by [9], value of fD takes
representative values of either 5, 70, 200 or 300 Hz. The maximum value
of 300 Hz was selected to satisfy a high-speed scenario with mobile ter-
minal velocity of 120 kmph for uplink frequency bands supported by the
standard [7].

2.2.2 3GPP 5G New Radio

Conformance test setup specified in the 5G NR standard [10] is based
upon the similar simulation models of triply selective fading channel as
LTE, with some minor modifications.

The document [10] defines a new set of delay profiles TDL-A, TDL-B
and TDL-C that may be scaled in delay domain to allow for adjusting of a
delay spread of a simulated channel. Channel models for frequencies in mil-
limeter wave frequency range are also supported. Moreover, [6] defines an
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extended set of the delay profile, introducing LOS profiles TDL-D, TDL-E
and TDL-F, as well as Clustered Delay Line profiles that can be processed
with a spatial filter to produce equivalent TDL model for antenna systems
with non-omnidirectional characteristics.

2.3 OFDM Transmission Model

The modern radio access technologies, including 3GPP LTE and 5G NR,
are based on OFDM waveform and its modifications. The principle of
OFDM lies in dividing the available channel bandwidth into multiple nar-
rowband subcarriers. Then, the transmission of a high rate signal is par-
allelized over the subcarriers in a block-oriented fashion by a use of the
Fourier Transform [108]. The OFDMA transmission scheme is based on
the same principle, but additionally allows to share the bandwidth among
multiple users with dynamic allocation of subcarriers over time. The SC-
FDMA, the waveform used in LTE uplink, is a modification of OFDMA
that utilizes additional DFT spreading stage in order to reduce amplitude
peaks in the transmitted signal [94]. In 3GPP 5G NR, a f-OFDM was in-
troduced which is a recently developed modification of the OFDMA that
utilize sub-band filtering stage to allow for coexistence of multiple OFDM
numerologies over the same carrier [36,125].

A structure of a conventional OFDM transmitter is depicted in Fig.
2.4. A sequence of encoded bits is mapped into M -ary complex con-
stellation symbols and then serial-to-parallel converted to a sequence sd.
The data sequence is interleaved with pilot subcarriers sp, used for chan-
nel estimation in the receiver, then mapped to Nsc subcarriers in fre-
quency domain and zero padded by guard subcarriers located at the band
edges, forming the N × 1 frequency-domain transmit data vector s =[
s[0], s[1], · · · , s[N − 1]

]T
, providing that N > Nsc. In a next step, s is

transformed to time domain by a means of inverse Fourier Transform:

x = FHs (2.13)

where superscript H denotes complex-conjugate hermitian transpose and F
is aN×N Fourier matrix with elements given by [F ]n,m = exp(−j2πnm/N).
Finally, the time domain vector x is prepended with cyclic prefix, being a
copy of the last NCP samples, then digital-to-analog converted and trans-
mitted over the wireless channel.
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Figure 2.4: Structure of the OFDM transmitter (simplified).

2.3.1 Sufficient Cyclic Prefix Scenario

The transmit signal is distorted by the effect of multipath fading according
to TDL model defined by (2.4), but due to the block-based nature of
OFDMA signal and presence of the Cyclic Prefix, channel convolution can
be modeled as a circular one. Denote NDS as a delay spread span of the
channel expressed in a number of samples. Therefore, equation (2.4) may
be re-written in a matrix form, assuming that no Intersymbol Interference
(ISI) occurs, i.e. NCP ≥ NDS, thus length of the Cyclic Prefix is enough to
compensate the delay spread span of the channel [59]:

y = Hx+w (2.14)

where y and w denote N × 1 receive and AWGN vectors associated with
OFDMA symbol in time domain, respectively. Elements of time domain
Channel Impulse Response (CIR) matrix of size N ×N are given by [59]:

H =



h(0, 0) 0 · · · h(0, NDS) · · · h(0, 1)
...

. . . 0 · · ·
. . .

...

h(NDS, NDS) · · · h(NDS, 0) 0 · · · 0
...

. . .
. . .

. . .
. . .

...

0 · · · 0 h(N − 1, NDS) · · · h(N − 1, 0)


(2.15)

Remark that for simplicity of notation, indexing of h(n,m) is done
relatively to the start of a given OFDM symbol.

Equation (2.14) may be transformed to frequency domain in order to
express the processing performed in the receiver. Let s = Fx be a transmit
subcarrier vector in frequency domain, r = Fy be a received subcarrier
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vector and η = Fw be a vector of frequency domain noise. This yields:

r = Gs+ η (2.16)

where G = FHFH is Channel Frequency Response (CFR) matrix. The
matrix G may be further decomposed into a sum of a diagonal matrix
representing a time-invariant part of the CFR, i.e. a mean impulse response
at the OFDM symbol duration, and a non-diagonal ICI matrix, caused by
time-variability of the channel:

G = diag(g) + ∆GICI (2.17)

The energy in the matrix G tends to be concentrated around the main
diagonal, but the energy leaks to neighboring subcarriers as the Doppler
frequency grows [23]. Therefore, ignoring the off-diagonal elements of G
during equalization leads to receiver performance degradation in scenar-
ios incorporating user mobility. Evaluation of the performance drop can
be done by investigating the cross-correlation between elements of G, as
indicated in [126]:

E
{

[G]r,s,[G]∗p,q
}

=
1

N2

L−1∑
l=0

al exp
(
− j2π(s− q)/N

)
·
N−1∑
n=0

N−1∑
m=0

J0

[
2πfD(n−m)Ts

]
· exp

(
− j2π(r − s)n/N

)
exp

(
j2π(p− q)m/N

)
(2.18)

Then, the total power of ICI distorting a particular subcarrier is given
by [126]:

Pm
ICI =

∑
m 6=k

‖[G]m,k‖2

=
1

N2

∑
k 6=m

L−1∑
l=0

al

{
N + 2

N−1∑
p=1

(N − p)

· J0(2πfDpTs) cos
(2π(m− k)p

N

)}
(2.19)
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2.3.2 Multi-User Model

Consider a case when multiple terminals are scheduled for data transmis-
sion or reception at the same time during the same OFDMA symbol [123].
Denote by NUE a number of scheduled users and s(v) a transmit data vec-
tor from the v-th user, where v = 0, . . . , NUE − 1. Then, a signal received
on a Base Station antenna will be given by:

y =

NUE−1∑
v=0

H(v) x(v) +w (2.20)

Considering linearity property of the Fourier Transform, frequency do-
main representation of (7) is given analogously as (2.16):

r =

NUE−1∑
v=0

G(v) s(v) + η (2.21)

A crucial assumption is that each transmitting terminal is located in
a different position in relation to the Base Station and undergoes Doppler
effect to a various degree. Due to distinct position of obstacles causing
reflections and scattering of propagating electromagnetic waves, each ter-
minal undergoes different wireless channel conditions seen from the Base
Station’s perspective. This implies uncorrelated fading and a significant
difference of CIR matrices, i.e. there is a very high probability that
‖H(v) − H(z)‖2

2 � 0 for all v 6= z, where ‖ · ‖2
2 denotes a squared L2

norm of a matrix.

Define a set of subcarrier indices allocated for the user v as A(v) ={
n = 0, . . . , N − 1 : [s(v)]n 6= 0

}
. Multiple access in OFDMA systems

is maintained by orthogonal assignment of subcarriers to various users
during the same OFDM symbol. At a given time instant, an individual
subcarrier cannot be assigned to more than one user. Therefore, it may
be assumed that A(v) ∩ A(z) = ∅ for any v 6= z. OFDMA based systems
often incorporates guardbands subcarriers, i.e. the subcarriers that are
never used for transmission by any user. The guardbands are maintained
in order to fulfill spectral emission mask constraints [8, 40].

The multi user model defined by (2.20) and (2.21) is a generalization
of (2.14) and (2.16). To simplify the notations across the equations in
the remaining part of this dissertation, a single user model will be used;
however, the reader must keep in mind that this model can be generalized
to the multi-user model.
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2.3.3 Insufficient Cyclic Prefix Scenario

Equation (2.14) is true only in case when length of Cyclic Prefix is enough
to compensate the delay spread of the channel, so there is no mutual
influence between consecutive OFDM symbols. Otherwise, i.e. when
NCP < NDS, Intersymbol Interference (ISI) occurs and (2.14) is modified
to [86]:

yu = (H −A)xu +Bxu−1 +wu (2.22)

The subscripts u and u − 1 was added to reflect the ordering of OFDM
symbols in time.

ISI components of the channel are denoted by matricesA andB of size
N × N to represent the overlap of marginal elements in upper triangular
part of H [60]. Let vis = NCP − NDS be a length of ISI term in samples
exceeding the cyclic prefix. A sub-matrix S of size vis× vis corresponds to
a part of CIR exceeding cyclic prefix duration. Matrices A, B, and S are
defined as:

A =

[
0vis×(N−NDS) S 0vis×NCP

0(N−vis)×(N−NDS) 0(N−vis)×vis 0(N−vis)×NCP

]
(2.23)

B =

[
0vis×(N−vis) S

0(N−vis)×(N−vis) 0(N−vis)×vis

]
(2.24)

S =


h(0, NDS) h(0, NDS − 1) · · · h(0, NCP + 1)

0 h(1, NDS) · · · h(1, NCP + 2)
...

...
. . .

...

0 0 · · · h(vis − 1, NCP + vis)

 (2.25)

where 0m×n denotes a null matrix of size m× n.

The State-of-the-Art literature commonly considers modeling of ISI in
time domain, according to the canonical model provided by the equation
(2.22), as follows: [43,48,70,71,83,117,118].

33



2.4 Reduced Complexity Channel Emula-

tion of Frequency and Time Selective

Fading

Conventional multipath fading channel emulator is typically implemented
in a form of non-recursive filter with time-varying coefficients, applying
linear convolution operation in time domain, i.e. the TDL model. Multiple
implementations of time-domain channel emulators has been reported, see
for example [12, 22, 25, 61]. Majority of the reported channel emulators
concerns verification of a fixed point-to-point connections between a single
Base Station and a Mobile Terminal. Emulation of the channel on a level
of a network of mobile terminals connected to a single Base Station, as
considered in the OFDMA model (2.21), is a more challenging task due to
a higher demand for computational resources [19,21,24]. To overcome this
limitation, multiple methods has been proposed that allows for reduced
complexity emulation of multipath fading channel. A brief overview of
these methods is provided in this section.

2.4.1 Overlap-Add Frequency Domain Convolution

The overlap-add is a popular method used in digital signal processing
to reduce complexity of signal convolution with long kernels [107]. The
method exhibits a fixed initial complexity related to forward and backward
transformations between time and frequency domains using Fast Fourier
Transform (FFT), but its execution time grows much slower than in case
of time-domain convolution.

The authors of [39] made an observation that conventional time-domain
non-recursive filtering is computationally efficient in case of Single-Input-
Single-Output (SISO) systems, but the frequency domain approach pro-
vides complexity reduction growing as a function of the antenna array
size. Comparing to time domain filter based architecture, hardware im-
plementation based on the overlap-add method does not limit the overall
number of taps in emulated PDP and reduces the number of required
FPGA resources to implement long delay lines. What is more, the archi-
tecture proposed in [39] reduces a total number of hardware multipliers
by employing dedicated CORDIC based FFT/IFFT engines. A frequency
response of the channel is generated by software and send to FPGA mod-
ule using a dedicated interface. This fact severely limits the minimum
supported coherence time of generated channel due to limited capacity
and high number of required operations handled by software, which grows
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linearly with growing size of antenna array. An alternative architecture
employing two FFT engines switched in a ping-pong manner were also
reported [47], which allows operation on signals with high sampling rates.

Performance of the algorithm depends to high degree on selected FFT
size. It must be high enough to allow modeling of delay spreads with a
certain length. On the other hand, more FFT stages result in higher noise
due to quantization and error propagation. Long FFT window limits the
minimum supported coherence time of the system, thus lowers accuracy
in high mobility scenarios. A lower bound of the FFT window is limited
by a delay spread span of simulated PDP.

The algorithm can be used to reduce the complexity of channel em-
ulation of the multi-antenna systems. However, the frequency domain
modeling of a channel response with overlap-add method does not provide
an advantage in term of multi-user systems, as the boundaries of FFT win-
dows are not synchronized with OFDM symbols, causing the subcarriers
to be non-orthogonal at the time of convolution operation.

2.4.2 Frequency Domain Convolution in Synchronized
OFDM

The channel emulator based on overlap-add method operates on time-
domain signal. As an alternative, channel emulation can be performed
with synchronization to OFDM symbol boundaries and with use of the fast
convolution method [107] with complexity O(Nsc). It is possible, because
orthogonality between subcarriers in the transmitted signal is maintained
thanks to synchronization.

The CFR matrix is approximated as a diagonal one, neglecting the
channel variability by modeling H as circulant matrix and consequently
assuming ∆GICI ≈ 0 in (2.17):

G ≈ diag(g) (2.26)

where vector g is obtained by taking DFT of the CIR sampled at the
center of each OFDM symbol. The simplification shall introduce an er-
ror depending on velocity caused by the fact that the effects of ICI are
completely neglected, but complexity of channel emulation is significantly
decreased.

This approach provides great advantage in term of computational com-
plexity in case of multi-user scenarios, as shown in [92]. The resulting
frequency response of the channel is composed of coefficients seen from
perspective of a user allocated on respective subcarrier, as modeled by
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(2.21). The respective subcarriers scheduled for specific users in a given
OFDMA frame are convolved with partial channel frequency responses.
Usage of the overlap-add method is unnecessary due to presence of cyclic
prefix, which is added after channel emulation and discarded at the re-
ceiver, thus carries no processing information. Utilization of the emulator
structure leads to a great reduction of computational complexity in high-
load scenarios, but is constrained with some limitations. Namely, due to
a usage of circular convolution and assumption of channel invariance dur-
ing the OFDM symbol period, effects of ICI and ISI cannot be directly
reproduced.

Frequency domain channel emulators reported in the literature differ
in term of the method to generate the mean frequency response for each
OFDM symbol. The most direct way to generate CFR it is to calcu-
late DFT of time domain CIR. The frequency domain channel emulation
based on this method was successfully implemented on various platforms,
including FPGA [92,105] and GPU [82].

Some other non-standard methods to emulate OFDM channel were also
reported. In [79], the authors proposed a frequency domain autocorrela-
tion function of the fading channel. The method is divided into two steps.
The first one generates independent Rayleigh fading variates with temporal
correlation, whereas the second one applies frequency domain correlation
by a means of frequency covariance matrix factorization. The method still
realizes the channel in time domain and requires FFT operation to trans-
form the signal to frequency domain, which increases complexity of the
simulation. Slightly modified version of the algorithm is presented in [69].
Firstly, the authors of [69] propose to obtain the frequency domain correla-
tion based on Power Delay Profile. Secondly, the frequency domain corre-
lation is applied to the set of independent Rayleigh processes based on AR
filtering. However, amount of the Rayleigh fading processes maintained
in this method depends on the number of subcarriers, not the number of
channel taps in the selected PDP, and all coefficients of channel frequency
response must be generated regardless of whether they are applied for sub-
carriers used for data transmission during particular OFDM symbol. This
limits a gain of complexity reduction in multi-user scenarios. In [120], the
authors have also proposed frequency-domain channel model based on AR
filtering, but by generating only a single Rayleigh process. However, the
complexity reduction is achieved by sacrificing some statistical properties
of the generated channel. A different kind of frequency-domain channel
model was presented in [90]. In the reported work, the Rayleigh fading
variates are generated based on Markov chain for each of the coherence

36



frequency bandwidth and then interpolated or replicated on neighboring
subcarriers.

2.4.3 TDL with Tap Approximation and Reduction

Simplification of TDL model can be accomplished by reducing number of
taps in the specified PDP and using the canonical time-domain architec-
ture. Several algorithms has been reported in the literature [20,74,96,99].
The main principle behind them is to find an equivalent PDP with re-
duced number of taps L(red), that minimizes an error to the specified PDP
in term of channel frequency response and other parameters like total chan-
nel power and RMS delay spread. An importance of such algorithms is
adjusted by the fact that hardware implementations of TDL filters tend to
have a fixed number of taps, what in case of MIMO systems may lead to
serious limitations. Another crucial application is resampling of PDP to
match its sampling frequency to a working frequency of channel simulator.
However, some concerns regarding PDP resampling were reported in the
literature [46], which may negatively impact their statistical properties.

For example, an algorithm for arbitrary tap reduction was proposed
in [74]. It was later improved in [75] to preserve the total power, mean
delay and RMS delay spread properties of the channel in reduced PDP.
The algorithm consists of the following steps:

1. Resample PDP sampled with rate Ts to channel emulator’s rate T0.
A standard sinc interpolation filter with 2M+1 taps is used in accor-
dance to (2.3). Denoting ~(m) =

∑L−1
l=0 al δ(m − dl) as a vectorized

PDP with sample period Ts, the resampled PDP will be given by:

~̂(m) =
T0

Ts

M∑
k=−M

~(k) sinc

(
π
(
m
T0

Ts
− k
))

(2.27)

2. Add the energies of taps with negative delays to the tap at zero delay
to keep the channel response casual.

3. Find the lowest non-zero channel gain and add it to the closest non-
zero neighboring tap. Repeat until the number of taps achieves the
desired quantity L(red).

4. Proceed with constrained optimization of tap energies according to
[75].
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Besides the aforementioned algorithm, the authors in [75] provides a
method to adjust tap phases in order to minimize frequency error. How-
ever, this operation is transparent and provides no advantage under WS-
SUS assumption due to uniform distribution of phase angles.

2.5 C-RAN Network Architecture with Intra-

PHY Split

The C-RAN network topology is depicted in Fig. 2.5. The network based
on Intra-PHY split is composed of the following elements [65]:

• Evolved Packet Core (EPC) represents the 4G or 5G IP-based
core network.

• Control Unit (CU) represents the centralized part of a base sta-
tion, maintained in a cloud environment. It incorporates functional
blocks specified by LTE or 5G NR standards, including network layer
protocols, MAC layer and a higher part of the physical layer. Due to
the strict requirements for low latency and high throughput, some
latency-critical processing functions are likely to be implemented in
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hardware, particularly including FEC decoding, preamble detection
or channel estimation and equalization.

• Distributed Unit (DU) represents part of a base station located
very close to the physical antenna. It implements the lower part of
the physical layer processing, including OFDMA modulation with
FFT/IFFT, as well as digital and analog parts of the RF processing
chain.

• Crosshaul network responsible for transport of baseband data and
related control information between CU and DU nodes. Implemented
as a network of Ethernet switches that provide routing of packets.

The crosshaul interface between the CU and DU is based on a high-
speed optical fiber Ethernet connection. On top of the Ethernet layer, a
dedicated class of protocols is defined to provide a transport mechanism
for IQ baseband data and real-time control information. Protocols such as
IEEE 1914.3 or eCPRI are designated for operation in this layer [3,33,67].
Moreover, utilization of the Ethernet-based switched network leads to the
introduction of indeterministic latency of packet delivery over the crosshaul
interface, which must be addressed at the stage of network design. A
reader may further refer to reported studies on the crosshaul link latency
and jitter [28,31,81].

Fig. 2.6 illustrates the Intra-PHY functional split options of the base-
band processing between the CU and DU. Split 7.3 is considered for the
downlink direction only and operates on a codeword level. In the case of
splits 7.1 and 7.2, the crosshaul interface is designated to carry the down-
link and uplink baseband data in the form of frequency-domain IQ constel-
lation symbols. Moreover, CU must provide additional control information
to DU, obligatory to map baseband IQ data to a particular spatial antenna
layer and position on a time-frequency radio resource grid. In the case of
split 7.2, the crosshaul interface conveys additional beam-forming control
information. Comparing the Intra-PHY splits with the conventional time-
domain split 8 used commonly in 4G solutions, the amount of redundant
data exchanged over the crosshaul interface is reduced, because unallo-
cated OFDM subcarriers and cyclic prefixes are not conveyed over the
network.

Since architecture split 8 with time domain channel modeling and sim-
ulation proceeds two frequency domain splits 7.2 and 7.1, it seems reason-
ably that elaboration of efficient channel modeling and simulation directly
in frequency domain should simplify significantly the overall structure of
verification environment.
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2.6 Summary

An overview of existing stochastic models of a fading radio channel was
done in this chapter, focusing on their implementation aspects and appli-
cability to modern OFDM-based systems. The TDL model is a widely
accepted, canonical representation of a multipath channel in a form of
non-recursive filter. The WSSUS model puts additional constraints on the
TDL model by specifying stochastic variation of channel taps according to
selected scattering PDF. However, the presented models are very demand-
ing computationally, especially in multi-user transmission scenarios.

The state of the art channel models based on time-domain linear convo-
lution are not optimized for use in conjunction with OFDMA technology,
especially in scenarios where multiple users are frequency-domain multi-
plexed during the same OFDM symbol. The frequency domain channel
models based on block fading assumption are much more computationally
efficient under the aforementioned conditions; however, their accuracy is
highly limited. Due to a usage of circular convolution and assumption of
channel invariance during the OFDM symbol period, effects of ICI and ISI
cannot be directly reproduced.

This dissertation addresses the problem of improving the frequency
domain transmission channel models accuracy while still maintaining their
computational efficiency advantages. This issue will be discussed in the
next chapter.

The chapter also provided an introduction to the C-RAN architecture
of a 5G base station. It shall be shown later in this dissertation that testing
of base stations with C-RAN architecture is one of the use-cases for the
frequency domain channel modeling.
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Chapter 3

Frequency Domain Modeling
of Fading Channels in OFDM

3.1 Advantages of Frequency-Domain Mod-

eling in Modern Base Station Architec-

tures

3.1.1 General Concepts

Validation of communication infrastructure devices using the Hardware-
in-the-Loop co-simulation methodology brings notable benefits in terms of
time-to-market and cost savings, especially at the early stage of product
development. This phenomenon also applies in the context of development
and validation of C-RAN network devices. Firstly, HIL co-simulation al-
lows the CU, DU and other network nodes to be implemented in paral-
lel, allowing potential development errors to be found sooner. Otherwise,
comprehensive validation of the C-RAN CU from the crosshaul interface
perspective would not be possible until the development of the DU is fin-
ished and vice versa, which may delay the initial deployment of the device.
Secondly, the cost of the validation testbed based on HIL methodology is
much lower than the one based on real hardware, because behavioral sim-
ulation models are much simpler than their actual implementations and
run on less expensive hardware.

Fig. 3.1 shows possible testbed set-up options for validation of the C-
RAN CU based on HIL methodology. The first two options are based on
conventional time-domain channel models. The third one is the proposed
solution, built upon frequency-domain model and optimized for operation
on an Intra-PHY split crosshaul interface. Each of the testbed configu-
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rations assumes the presence of the EPC simulator, providing the core
network signaling and connected to the CU on a backhaul interface. How-
ever, simulation of the core network behavior is out of the scope of the
following research and the main focus is placed on the crosshaul interface
side.

Generally, processing performed by the DU has no impact on the op-
eration of the CU, except for the OFDM modulation based on FFT/IFFT
and data exchange over the crosshaul interface, thus the DU hardware can
be replaced by a relatively simple simulation model with low effort. The
diagrams shown in Fig. 3.1 do not include the switched crosshaul network
or multiple DU instances for more clarity, but the actual HIL testbed im-
plementation may include them. Another important building block of the
testbed is a wireless channel emulator and a User Equipment (UE) simula-
tor with L1 and L2 protocol stack implementation. It must be noted that
a single CU can serve hundreds of thousands of terminals at the same time,
thus the testbed environment must provide adequate scalability potential.
Moreover, the channel impulse response generated for each of the terminals
by the channel emulator must be unique in relation to other terminals and
comply with conditions imposed by the simulation scenario. Therefore,
in order to meet those requirements, the channel emulation task must be
performed for each terminal independently.

The goal of this work it to specify conditions for which application of
the proposed frequency domain HIL implementation, presented as the last
option in Fig. 3.1, is possible and beneficial.

3.1.2 Testbed Structures Based on Time Domain Chan-
nel Model

The most straightforward approach to test the C-RAN CU is to use an
actual hardware implementation of the DU and connect both devices using
a crosshaul interface. This method is shown in Fig. 3.1a. The connection
between the DUT, composed of both the CU and the DU, and a simulated
part is maintained at the output interface of the DU. Depending on the
DU implementation, the data exchanged over this interface may have the
form of an analog intermediate frequency signal or a digital time-domain
baseband signal. The simulated part behind the interface consists of mul-
tiple pairs of time-domain channel emulators and User Equipment (UE)
simulators.

Because the structure depicted in Fig. 3.1a requires working DU equip-
ment hardware, the testbed cannot be used during the early stage of system
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implementation until the DU implementation is finished. Additionally, the
overall cost of the testbed is high.

Fig. 3.1b shows an alternative solution, which does not require the
DU equipment. The CU device being verified and the simulated part are
connected by the crosshaul interface, thus the radio signal samples being
exchanged have the form of complex-valued frequency-domain OFDM sub-
carriers. Both uplink and downlink bandwidth is frequency-multiplexed
between users, that is, each individual constellation point coordinate con-
veyed over the crosshaul interface is designated for a single user only.
However, when the time-domain channel emulator structure is used, the
frequency-domain data assigned to a user must be transferred back and
forth to the time domain in order to apply the unique channel impulse
response. This fact requires explicit FFT and IFFT operations to be per-
formed for each user separately, which is imposed by utilization of the
time-domain channel model. Additionally, the complexity of the channel
modeling per user is fixed and does not scale with user allocation size in
the frequency domain.

3.1.3 Proposed Testbed Structure Based on Frequency
Domain Model

The optimized testbed structure that overcomes the limitations of the
time-domain emulation is depicted in Fig. 3.1c. Compared to the struc-
ture from Fig. 3.1b, the frequency-domain channel emulator is used instead
of the time-domain one. In this configuration, the frequency-domain emu-
lator operates in the same domain as the data exchanged on the crosshaul
interface, hence the IFFT and FFT operations performed per UE are
no longer required. Furthermore, crosshaul interface signaling allows the
channel emulation process to be optimized. For example, if a UE is as-
signed with a very small amount of frequency-domain resources during a
given OFDM symbol, computational effort is also reduced because it scales
linearly with allocation size.

Another advantage of the testbed structure is simplification of the UE
simulator, which is not obliged to handle operations of the Lower-PHY
sublayer, including the OFDM and cyclic prefix processing. The data
conveyed over the crosshaul interface can be fed directly to the Higher-
PHY sublayer processing chain of the UE simulator, consisting of channel
estimation, equalization and demodulation functional blocks.

As already mentioned, the frequency-domain channel models are often
based on the fast convolution method with the complexity O(n), which is
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superior in terms of speed, but leads to inaccurate results in specific sce-
narios that include user mobility and high-delay spreads. The frequency-
domain channel models that may be potentially used to overcome this
limitation are proposed in the following parts of this chapter.

3.2 Modeling of Channels with User Mobil-

ity and Sufficient Cyclic Prefix

Motion of transmit or receive antennas causes the impulse response of
multipath fading channel to slowly vary in time. Due to Clarke’s theorem
and under assumption of isotropic scattering [34], rate of channel’s variance
in time depends on the maximum Doppler frequency fD. Non-stationarity
of the channel impulse response during a period of a single OFDMA symbol
leads to ICI distortion.

In this section, a novel efficient method to emulate ICI effect directly in
frequency domain is derived and evaluated. The derivation of the method
is presented in a step-wise approach, starting with an accurate model that
calculates the CFR matrix based on its definitions as a DFT of the CIR
matrix. Then, by analyzing properties of the CFR matrix, the model is
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successively simplified.

3.2.1 Model 0 - Fully Non-Stationary Channel Im-
pulse Response

Recall the frequency domain block-based description of the fading channel
given by the equations (2.16) and (2.15):

r = Gs+ η

G = FHFH

H =



h(0, 0) 0 · · · h(0, NDS) · · · h(0, 1)
...

. . . 0 · · ·
. . .

...

h(NDS, NDS) · · · h(NDS, 0) 0 · · · 0
...

. . .
. . .

. . .
. . .

...

0 · · · 0 h(N − 1, NDS) · · · h(N − 1, 0)


where the CFR matrix G is a DFT of the CIR matrix H .

The following model shall serve as an ideal ICI-aware frequency-domain
channel model from numerical accuracy point of view; however, it is ex-
tremely impractical for real-time implementation, due to a high number
of iterations of the FFT algorithm required to calculate the CFR matrix
G. This complexness can be slightly reduced considering the fact that
H is a sparse N × N matrix with L · N non-zero elements, where L de-
notes the number of non-zero channel taps, and the transmit subcarrier
vector s incorporates at most Nsc non-zero values due to presence of guard
subcarriers.

The model assumes that a channel variate of each tap in the CIR ma-
trix may change from sample to sample during the same OFDM symbol.
Considering Doppler frequencies limited to a range of values feasible in
contemporary wireless communications, a coherence time of the channel
tends to be much longer than an OFDM symbol duration. Based on this
assumption, each tap in the CIR shall be changing over time relatively
slow, thus the frequency spectrum of the CIR matrix shall be mainly con-
centrated around the DC DFT bin. In a consequence, negligible energy
will be scattered around the remaining part of the spectrum, i.e. the effect
of ICI will have the greatest impact on the closest neighboring subcarri-
ers [59]. In other words, mean energy of elements of the CFR matrix G
depends on the element distance from the main diagonal and this energy
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becomes smaller as the distance grows.

In order to better understand the energy distribution of elements in
the matrix G, we modify (2.19) to derive a new equation for power of an
arbitrary element of this matrix:

Pm,k = E{‖[G]m,k‖2} =
1

N2

(
N + 2

N−1∑
p=1

(N − p)

·J0(2πpfDTs) cos
[2π(m− k)p

N

])
·
( L−1∑
l=0

al

) (3.1)

Based on (3.1), power of ICI between two subcarriers depends on the
frequency distance, but not on their position in the frequency domain.
Additionally, exploiting the symmetry of cosine function and assuming
that the data transmission occurs on the interfering subcarrier, we derive
the following properties for any subcarrier index m,n, k = 0, ..., N − 1:

Pm,(m+k) mod N = Pm,(m−k) mod N (3.2)

Pk = Pm,(m+k) mod N = Pn,(n+k) mod N (3.3)

Fig. 3.2 shows power of ICI expressed relatively to the interfered sub-
carrier power Pm,m, i.e.

Pm,k
Pm,m

. The leaked power decays asymptotically as

the distance between subcarriers grows, with its major part concentrated
in the closest neighborhood of the interfered subcarrier. The difference of
power leaked from subcarriers in further distance is almost indistinguish-
able from the receiver’s perspective. Based on the superposition principle
and the Central Limit Theorem, the overall interference introduced by
subcarriers located outside the interfering subcarrier’s neighborhood of
distance b can be modeled as a complex White Gaussian Noise [126]:

N−1∑
k=0

k/∈{m−b,...,m+b}

[G]m,k ∼ CN(0, δ2) (3.4)

In case of fD = 300 Hz, power of ICI falls below −60 dB when the
distance between subcarriers is greater than 16. Moreover, as per Fig.
3.2, 16 neighboring subcarriers contributes to 96% of the total ICI power
affecting a given subcarrier.

Each tap of channel impulse response is slowly changing over time com-
paring to the D.C. component. Therefore, the channel frequency response

46



Figure 3.2: a) ICI power leakage from subcarrier k to subcarrier m, relative
to the power of interfered subcarrier m for N = 2048. b) Cumulative power
of ICI per subcarrier distance for N = 2048.

is concentrated around the diagonal of the matrix G with negligible en-
ergy scattered around the remaining part, i.e. effects of ICI will have the
biggest impact on the closest neighboring subcarriers. This fact may be
used to reduce complexity of the matrix G through its compression to a
band matrix. Let b denote both the upper and the lower bandwidth of a
matrix G being a reduced version of G. Elements of the matrix G are
given by:

[G]i,j =

{
[G]i,j if j ≥ i− b and j ≤ i+ b

0 otherwise
(3.5)

The interference neglected by the channel model due to truncation of
the matrix band provided by (3.5) shall be called as a residual interference
noise.

Assume that the transmission is allocated on Mlen consecutive subcar-
riers starting from M1st the way that [s]m 6= 0 if M1st ≤ m < M1st +Mlen.
Considering (3.1), (3.2) and (3.3), average power of ICI over the whole
spectrum, including interference affecting unused subcarriers, is given by:

P ICI =

M1st+Mlen−1∑
m=M1st

( N−1∑
k=0
k 6=m

Pm,k

)
=

= Mlen ·
(
PN/2 + 2

N/2−1∑
k=1

Pk

) (3.6)
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Considering only ICI terms from the b closest subcarriers, we have:

P ICI
(b) =

M1st+Mlen−1∑
m=M1st

( m+b∑
k=m−b
k 6=m

Pm,k mod N

)
=

= Mlen · 2
b∑

k=1

Pk

(3.7)

An error introduced by ignoring the ICI power of non-neighboring sub-
carriers may be expressed in logarithmic scale as a Signal-To-Noise Ratio
(SNR). Power neglected as a result of matrix truncation given by (3.5) is
assumed to be the noise term. The signal term is assumed to be a total
power of a given OFDM symbol, including both interference and undis-
torted signal. Based on (3.6) and (3.7), we derive the following equation
for SNR:

SNRICI
(b) = 10 · log10

(
PICI +MlenP0

P ICI − P ICI
(b)

)
=

= 10 · log10

(
P0 + PN/2 + 2

∑N/2−1
k=1 Pk

PN/2 + 2
∑N/2−1

k=b+1 Pk

) (3.8)

The values of SNRICI
(b) for different combinations of fD and b are shown

in Fig. 3.3.

3.2.2 Model 1 - The Block Fading Model

The accurate, but highly impractical model 0 can be drastically simplified
by taking b = 0, when assuming channel impulse response invariance dur-
ing an OFDM symbol period. This shall introduce an error depending on
user velocity, because the effects of ICI are completely neglected. However,
computational complexity will be significantly decreased for such simplifi-
cation. Due to quasi-stationary nature of the channel, the CIR matrix H
becomes a circular Toeplitz matrix, thus its Fourier Transform pair, the
CFR matrix G, is a diagonal matrix [45]. The model is equivalent to the
block fading model, already introduced in section 2.4.2.
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Figure 3.3: SNR of ICI approximation by truncation of the band matrix
for different values of fD and b.

3.2.3 Model 2 - Approximation of ICI in Frequency
Domain

3.2.3.1 Linear Approximation

Up to this point, two frequency domain models have been defined in this
chapter. The model 0 provides ideal accuracy in term of projection of
Intercarrier Interference, but remains impractical for real-time implemen-
tation due to extremely high computational complexity. On the other
hand, model 1 exploits very low computational complexity; however, com-
pletely neglects the effect of ICI by assuming invariant impulse response
during an OFDM symbol period, leading to incorrect simulation results,
especially in case of high-mobility scenarios. Due to the fact, a so called
model 2 shall be introduced in this section, intended to provide a reliable
trade-off between complexity and accuracy of the channel emulation in
frequency domain.

To begin with, consider the structure of the CIR matrix H as provided
in (2.15). According to (2.5), the CIR is a superposition of multiple channel
taps, continuously changing in time and shifted in delay domain, thus H
may be expressed in an alternative form by separating terms that represent
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each tap. This yields:

H =
L−1∑
l=0

P dl diag(~~~l) (3.9)

where ~~~l =
[
h(0, dl), h(1, dl), . . . , h(N − 1, dl)

]
is a vector of coefficients

of the channel tap index l at a duration of a single OFDM symbol, where
l ∈ {0, 1, . . . , L − 1}. The matrix P is a circular right-shift permutation
matrix defined as:

P =



0 1 0 · · · 0

0 0 1
. . .

...
...

...
. . .

. . . 0

0 0 · · · 0 1

1 0 · · · 0 0


(3.10)

Multiplication by P dl present in (3.9), i.e. the matrix P raised to the
power of dl, results in circular shift of the diagonal matrix elements to
the dl-th sub-diagonal, in order to represent the l-th tap individually as in
(2.5) and (2.15).

Because coherence time of the channel is much smaller than OFDMA
symbol duration, variations of each tap in the channel impulse response
during a single OFDM symbol period can be approximated as a straight
line with small slope [59]. Therefore, the diagonal elements of the matrix
diag(~~~l) may be approximated by a linear function. Based on this as-
sumption and the definition of h(n,m) in (2.5), we propose the following
approximation formula:

diag(~~~l) ≈ al ·
(
∆cl(u) · T + cl(N/2) · I

)
(3.11)

where I is an identity matrix, ∆cl(u) is a slope factor of linear approxi-
mation during OFDM symbol index u and tap l, al is an average tap gain
from (2.5) and T is a basis expansion matrix of the linear approximation.
For simplicity of notation, indexing of cl(n) is done relatively to the start
of a given OFDM symbol.

Values of the matrix T were chosen to satisfy the zero-D.C. condition
and unitary distance between signal samples. Note that the zero of the
linear equation (3.11) is assumed to be equal to a value of the channel
coefficient cl sampled at the center of an OFDM symbol. The assumption
aligns with the block fading model in (2.26) and resulting error is negligible
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when considering band-limited signals. This yields:

T = diag
([
− N

2
+

1

2
,−N

2
+

3

2
, · · · ,−1

2
,
1

2
, · · · , N

2
− 1

2

])
(3.12)

When linear approximation is considered, ∆cl(u) is a slope of linear
function that connects sampled coefficient values cl(u) and cl(u− 1) of the
l-th channel tap for the current and the previous OFDM symbols. It is to
express an average channel change between consecutive OFDM symbols
per single signal sample:

∆cl(u) =
−cl(u) + cl(u− 1)

d(u, u− 1)
(3.13)

where the function d(u1, u2) is a sampling point distance from the chan-
nel coefficient for OFDM symbol u1 to the channel coefficient of sym-
bol u2 (positive/negative, i.e. backward or forward in respect to u1).
For example, when the coefficients are sampled at the center of con-
secutive OFDM symbols with NCP sample-long cyclic prefix, this yields
d(u, u− 1) = −N −NCP and d(u, u+ 1) = N +NCP .

Recall that G = FHFH . Then, we derive equation for the approxi-
mated CFR matrix by applying the Fourier Transform to the left size of the
equation (3.9), taking into account the approximation given in (3.11) and
the linearity property of the Fourier Transform. The terms may be further
grouped according to (2.17) in order to exploit the time invariant part of
the impulse response diag(g), and ∆GICI, representing ICI inducted due
to channel variability during the same OFDM symbol.

G ≈
L−1∑
l=0

al · cl(N/2) · FP dlFH

︸ ︷︷ ︸
diag(g)

+
L−1∑
l=0

∆cl(u) · FP dl TFH

︸ ︷︷ ︸
∆GICI

(3.14)

The first term of (3.14), representing time invariant part of the channel,
resolves to a simple one-dimensional DFT operation. The k-th element of
vector g is given by:

[g]k =
L−1∑
l=0

al · cl(N/2) · exp(−j2πkdl/N) (3.15)

Lets now concentrate on the term ∆GICI in (3.14). Let define a delay-
domain basis expansion matrix Ql, incorporating frequency response of a
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linear variation inducted by the l-th channel tap:

Ql = F P dl T FH (3.16)

This yields:

∆GICI =
L−1∑
l=0

∆cl(u) ·Ql (3.17)

The elements of the basis expansion frequency response matrices Ql

depend on selected PDP and FFT size N , which are static simulation
parameters. Hence, the basis expansion matrices can be precomputed
and stored in RAM memory prior to simulation. In order to maintain
low computational complexity, the matrix Ql may be reduced to a band
matrix Ql by neglecting elements lying outside the diagonal band of size
b, according to (3.5).

The frequency domain channel simulation according to the model pre-
sented in (3.17) requires Nsc · 2 · b · L memory locations to store matrices
Ql and its computational cost includes Nsc · 2 · b ·L complex add and mul-
tiply operations per OFDM symbol. However, the model can be further
simplified to reduce both storage and complexity requirements.

At present, consider properties of the matrix Ql defined in (3.16). Ma-
trix T define in (3.12) is diagonal, which implies that its Fourier Transform
pair is a Toeplitz-circulant matrix [45]. Also, if dl = 0, the permutation
matrix P dl becomes an identity matrix, i.e. P dl |dl=0 = I.

Define matrices:
Q = Ql|dl=0 = F T FH (3.18)

Wdl
= F P dl FH = diag

([
1, ej2πdl

1
N , · · · , ej2πdl

N−1
N

])
(3.19)

The matrix Wdl
is diagonal phase rotation matrix, derived from P dl using

the time shift property of the Fourier Transform.

Because the Fourier matrix F is unitary, equation (3.16) may be rewrit-
ten into the following form:

Ql = F Pl (FH F )T FH = Wdl
Q (3.20)

Using (3.20), equation (3.17) becomes:

∆GICI
u =

( L−1∑
l=0

∆cl(u)Wdl

)
Q (3.21)

Because matrix Q is real and circulant, it can be fully described by its
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first row or column. Assuming that the matrix band reduction is used as
in (3.5) and values of T are real, only b dedicated storage locations are
required due to symmetry of the real-valued Fourier Transform. Matrix
accumulations existing in (3.17) are replaced in (3.21) by phase accumula-
tion and a single multiplication of two matrices, one being diagonal, which
results in complexity reduction to Nsc · L + Nsc · 2 · b operations. An on-
line change of CIR tap delays does not require any additional storage or
computational costs.

3.2.3.2 Higher Order Polynomial Approximation

Equation (3.21) may be generalized to incorporate polynomial interpola-
tion of an arbitrary order R:

∆GICI =
R∑
p=1

(( L−1∑
l=0

∆(p)
cl

(u)Wdl

)
Q(p)

)
(3.22)

The matrix Q(p) is a generalization of Q, defined in (3.18), to a higher
order polynomial basis frequency responses. It is defined as a DFT of the
matrix T , given by (3.12), raised to a power of p:

Q(p) = F T p FH (3.23)

It is worth to note that Q(p) has a circular structure regardless of p, which
allows to relax memory requirements.

Factors ∆
(p)
cl (u) are interpolation polynomial coefficients for the OFDM

symbol u. They may be calculated using a current set of channel co-
efficients cl(u) and R adjacent sets by solving equations of a linear sys-
tem, following a standard Vandermonde approach for polynomial inter-
polation [89]. In the presented approach, each interpolation polynomial
is constructed locally around the center of a given OFDM symbol u and
a channel tap l, the way that coordinates of coefficient cl(u) are always
located in the origin of Cartesian coordinate system. Therefore, we can
presume a constant term of the polynomials to be always equal 0 and omit
corresponding part of the Vandermonde equations.

Denote a polynomial coefficient vector ∆cl = [∆
(1)
cl (u), · · · ,∆(R)

cl (u)]T, a
vector of channel coefficient local changes δcl =

[
cl
(
u−dR

2
e
)
−cl
(
u
)
, · · · , cl

(
u+

bR
2
c
)
− cl

(
u
)]T

and a square Vandermode-like time-domain sample index
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𝑐𝑙 𝑛 ~ Polynomial(∆𝒍)
𝑛

Figure 3.4: Representation of elements of the matrices V , δcl and ∆cl for
polynomial order R = 3. Note that u is an index of the considered OFDM
symbol and function d(·) denotes distance in signal samples. c©IEEE 2018

displacement matrix V :

V =


d(u, u− dR

2
e)R d(u, u− dR

2
e)R−1 · · · d(u, u− dR

2
e)

d(u, u− dR
2
e+ 1)R d(u, u− dR

2
e+ 1)R−1 · · · d(u, u− dR

2
e+ 1)

...
...

. . .
...

d(u, u+ bR
2
c)R d(u, u+ bR

2
c)R−1 · · · d(u, u+ bR

2
c)


(3.24)

The following relation holds:

δcl = V ∆cl (3.25)

Approximation polynomial coefficients may be least-squares approximated
using a pseudo-inverse of matrix V :

∆cl = (V H V )−1 V H δcl (3.26)

When V is non-singular, (V H V )−1 V H = V −1. The inverted matrix may
be precomputed off-line prior to simulation. When the channel coefficients
cl are non-uniformly sampled, e.g. in case of variable cyclic prefix lengths,
multiple inverses may be precomputed and selected depending on symbol
position within a subframe. Note that for R = 1, (3.26) simplifies to (3.13).
Additionally, the frequency-domain models proposed in this work use the
CFR matrix band truncation according to (3.5).
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3.2.4 Computational Complexity

Comparison of the channel emulation methods in term of computational
complexity provided in this section is performed by counting required
complex Multiply-and-Accumulate (cMAC) operations. Only the effort
mandatory to apply the frequency-selectivity are included in the analysis,
as emulation of time and space selectivity is performed independently.

When the conventional time domain channel emulator is used, data
from each user must be separately transferred to the time domain first,
where the channel effects are applied. This approach takes additional
OFFT = N log2N complex operations per each user, which corresponds
to complexity of FFT/IFFT operation. In case of the frequency domain
models, fading effects may be applied directly to subcarriers allocated to
a particular user.

Since the time domain model is given by a linear convolution operation
(2.4), complexity of a single OFDM symbol processing, expressed as a
number of complex Multiply-and-Accumulate operations, is given by:

OTD =
(
(N +NCP) · L+OFFT

)
·NUE (3.27)

Let assume that a whole transmission bandwidth is always utilized and
multiple users are co-scheduled on orthogonal frequency resources. Under
the following conditions, complexity of the frequency-domain channel mod-
els does not depend on the number of users that are frequency-multiplexed
within the same OFDM symbol.

Complexity of the trivial block fading model (3.15) is given by:

OBlk
FD = Nsc · L+Nsc (3.28)

where the factor Nsc ·L is an effort required to calculate diagonal elements
of the vector g in (3.15) and Nsc is complexity of the circular convolution
in frequency domain.

Complexity of the mobility aware emulator with arbitrary order R poly-
nomial interpolation (3.22) is given by:

O(R)
FD = R2 ·L+R ·NscL+R ·Nsc · (2 ·b+1)+Nsc ·L+Nsc · (2 ·b+1) (3.29)

The term R2L in (3.29) is an effort required to compute factors ∆
(p)
l from

(3.22) based on Vandermonde equations (3.26). The term R ·Nsc ·L repre-
sents accumulation of diagonal matricesWdl

that are composed of complex
oscillations, thus a priori knowledge assumption of their values is valid.
The term R · Nsc · (2 · b + 1) is complexity of the outer sum in equation
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Figure 3.5: Computational complexity of the frequency-domain mobility
aware channel model, assuming N = 2048, Nsc = 1200, b = 16 and L = 17.

(3.22). Analogously as in (3.28), Nsc · L represents calculation of g and
Nsc · (2 · b + 1) conforms to multiplication of the banded matrix G with
the transmit data vector s.

Computational complexity of the channel emulation models according
to (3.27)-(3.29) is compared in Fig. 3.5. The proposed increased-accuracy
frequency domain models require more cMAC operations than the trivial
block fading; however, they outperform the time domain model when a
number of co-scheduled users is increasing. Complexity of time domain
model is lower in case of the single user simulation; however, when three
or more co-scheduled users are considered, the frequency domain models
become significantly advantageous.

3.2.5 Extension to MIMO Channels

According to (2.20), a number of independent fading channels in the multi-
user scenario is equal to a number of transmitting terminals NUE, when a
single receiving antenna is assumed at a Base Station and each of the in-
dividual terminals have a single transmit antenna. In case of MIMO chan-
nels, temporal fading channel conditions differ not only between users, but
also between all combinations of transmit and receive antenna pairs. As-
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Figure 3.6: Representation of 2×2 MIMO spatial channel based on matrix
H.

suming that each user device incorporates NTX transmit antennas and the
Base Station has NRX receive antennas, the total number of independent
channels is equal to NUE · NTX · NRX . In practical applications, spatial
separation distance between antennas is of order of the wavelength. This
leads to correlation of MIMO channels between a particular user and the
Base Station. This relationship is commonly described by the stochastic
correlation MIMO models, including Kronecker [63], Weichselberger [116]
or VCR [111].

Lets consider the Kronecker MIMO channel model for the rest of this
section. We put a NRX×NTX spatial channel matrix H that incorporates
fading channel coefficients for a given user, channel tap l and a discrete
time instant n:

H =

 cl(n, 0, 0) · · · cl(n, 0, NTX − 1)
...

. . .
...

cl(n,NRX − 1, 0) · · · cl(n,NRX − 1, NTX − 1)

 (3.30)

where cl(n, i, j) are coefficients from (2.5) with mutual spatial correlation
for the MIMO channel between i-th RX antenna and j-th TX antenna.

In the Kronecker model, the spatial channel matrix is generated as a
product between RX and TX covariance matrices and a matrix Hi.i.d.

incorporating independent and identically distributed channel coefficients
[63]:

H = R
1/2
RX Hi.i.d.

(
R

1/2
TX

)T
(3.31)

where RTX and RRX are mobile user and Base Station antenna covariance
matrices with size NTX ×NTX and NRX ×NRX, respectively and Hi.i.d. is
a NRX ×NTX matrix of i.i.d coefficients of Rayleigh fading channel.

In practice, calculation of the matrix H is done with reduced complex-
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ity by using a form equivalent to (3.31) [63]:

vec(H) = C vec(Hi.i.d.) (3.32)

where vec(·) is operation of matrix vectorization into a column vector and
C is obtained by the Cholesky decomposition of RMIMO = RRX⊗RTX ,
i.e. CC† = RMIMO provided that RMIMO is nonsingular.

As shown in [14], spatial correlation may be applied to the i.i.d chan-
nel coefficients in (3.32) prior to interpolation. Then, the operation re-
quires identical computational effort both in case of time- and frequency-
domain models considered in this dissertation. The remaining complexity
of MIMO processing, required to apply fading channel filters and a sum of
TX vectors on RX side, is given by:

OMIMO = NTX ·NRX · Ocon + (NTX − 1) ·NRX · OΣ (3.33)

where Ocon conforms to complexity of channel convolution, expressed by
equations (3.27) - (3.29), and OΣ is complexity required to sum data
vectors after passing the MIMO fading channels. We got respectively
OΣ = N +NCP for time domain and OΣ = M + 2 · b for frequency domain
processing.

Based on (3.33), we can draw a conclusion that increasing NTX and
NRX does not affect relative complexity reduction offered by a frequency-
domain model comparing to the time-domain, because both Ocon and OΣ

grows linearly with a number of antennas. At a first glance, this fact
seems to be in opposite to outcome of [39], where it was proven that
frequency-domain simulator tends to increase relative complexity reduc-
tion with growing number of antennas; however, the processing gain ob-
tained by [39] does not take into account an effort required to generate
channel frequency responses, handled by a non-real time software appli-
cation and limiting the minimum obtainable coherence time of simulated
channels.

3.2.6 Numerical Performance

Numerical accuracy of the proposed model 2 is measured empirically in
Monte-Carlo simulations through comparison with the time-domain ref-
erence channel model covered in section 2.1.1. The comparison is done
considering LTE-like OFDM symbol structure with FFT size N = 2048,
number of subcarriers Nsc = 1200, cyclic prefix length NCP = 144 and
sampling frequency fs = 30.72 MHz.
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Figure 3.7: Block diagram of the model evaluation.

A proposed 5G-compatible TDL-A power delay profile is used with de-
lay spread DS = 300 ns [6]. The profile was resampled to match sampling
frequency fs, resulting in L = 17. The frequency-domain channel models
incorporate band matrix truncation with b = 16.

The simulation is performed as follows. A random bitstream is mapped
to 16-QAM symbols and OFDM modulated. Resulting baseband signals
are fed to the input of a frequency-domain model and the reference time-
domain TDL model (2.4). Outputs of the models rfreq and rTDL after FFT
stage in a receiver are compared using the Signal-to-Error Ratio (SER)
metric, defined accordingly:

SER = 20 · log10

‖rfreq‖
‖rfreq − rTDL‖

(3.34)

where operator ‖v‖ denotes the Root Mean Square (RMS) of a vector

v = [v1, ..., vN ] defined as ‖v‖ =
√∑N

i=1 vi
2/N . Refer to Fig. 3.7 for a

block diagram of the model evaluation set-up.
The SER metric was selected because it may be directly compared

with Signal-to-Noise Ratio (SNR) of a simulated wireless channel, where
the term noise corresponds to mean energy of AWGN vector w in (2.14).
Therefore, it may be assumed that utilization of a simplified model will
have negligible impact on simulation results as long as SER of the model
is well below the system’s SNR.

Refer to Fig. 3.8 for comparison of SER dependence on selected chan-
nel model and polynomial order. The theoretical upper bound calculated
according to (3.8) was included in the comparison. The block fading model
provides inaccurate results for non-stationary channels. Accuracy of linear
approximation is close to the theoretical bound for relatively low Doppler
frequencies; however, the distance increases beyond 3 dB for fD = 900
Hz. Higher-order polynomial interpolation provides better fit at higher
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Figure 3.8: Accuracy of the frequency-domain channel simulation relative
to the time-domain TDL model and theoretical bound derived from (3.8).
Channel without AWGN is considered.

Doppler frequencies. Accuracy of the second order interpolation falls be-
low 3 dB relative to the theoretical bound at fD = 2850 Hz and provides
8 dB increase comparing to the linear interpolation.

3.3 Modeling of Channels with Insufficient

Cyclic Prefix

The model built upon the equation (2.16) provides a realistic characteri-
zation of a real-life wideband wireless channel as long as the cyclic prefix
is able to compensate the total delay spread span of the channel. If this
condition is not met, the simulation results obtained using conventional
frequency-domain simulation models are inaccurate, as the interference
inducted by neighboring OFDM symbols is fully neglected.

In this section, a new general framework to characterize ISI in OFDM
systems is proposed. Then, the framework is adapted for the purpose
of frequency-domain channel simulation. The framework originates from a
commonly accepted matrix-based model of channel convolution [60,83,86],
but it makes one step forward to outline structure and behavior of the inter-
ference in the frequency domain. In comparison to the existing State-of-Art
frameworks, a smoother approach is presented that directly describes ISI

60



Figure 3.9: Output of the time-domain model rTDL (upper-left) and the
residual noise signal of a frequency domain model rfreq − rTDL assuming
N = 2048, Nsc = 1200 and fD = 300 Hz for.

in term of dependence between OFDM subcarriers, cyclic prefix length and
CIR. Together with the algorithm to calculate the Fast Fourier Transform
of a triangular Toeplitz matrix, which is also contributed by this work, the
model can be practically used to extend capability of frequency-domain
channel simulators to cover high delay spread scenarios.

3.3.1 Alternative Time Domain Representation

Recall the canonical representation of the OFDM channel under insufficient
cyclic prefix condition (2.22), i.e. when NCP < NDS:

yu = (H −A)xu +Bxu−1 +wu
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where matrices A and B, defined in (2.23) and (2.24) respectively, repre-
sent an overlap of marginal elements in upper triangular part of the CIR
matrix H .

It is proposed to further rearrange the time-domain representation
(2.22) in order to separate Intercarrier and Intersymbol Interference terms.
The matrices A and B are similar except for the circular shift of their
columns. Based on definition of right-shift permutation matrix P (3.10),
the relation A = BP−NCP holds and:

yu = Hxu +B(xu−1 − P−NCPxu) +wu (3.35)

The multiplication P−NCPxu in (3.35) yields a circular-shift of elements in
vector xu to the left by NCP samples, i.e. the length of a cyclic prefix.

Additionally, the CIR matrix H may be further decomposed into a
sum of a circulant matrix H̄ , representing a time-invariant (time-averaged)
part, and an ICI matrix ∆H , representing time-variability of the channel
during a single OFDM symbol. Applying analogous operations to the
matrix B yields:

H = H̄ + ∆H (3.36)

B = B̄ + ∆B (3.37)

where the matrix B̄ has zero-padded upper-triangular Toeplitz structure.

3.3.2 Characterization of ISI in Frequency Domain

Applying the Fourier Transform to both sides of (3.35) yields the following
frequency-domain representation of a channel with ISI:

ru = Gsu + Φ(su−1 −W-NCP
su) + ηu (3.38)

where su is a subcarrier mapped transmit (sent) data vector for an OFDM
symbol index u, ru is a received data vector in frequency domain and ηu
is a frequency domain noise. Moreover, G is the CFR matrix, defined
identically as the one used in (2.16), and Φ = FBFH is the CFR matrix
of ISI noise.

A phase-shift matrix W-NCP
is defined analogously as matrix Wdl

in
(3.19), with an exception that it applies rotation in the opposite direction:

W-NCP
= F P−NCP FH = diag

([
1, e−j2πNCP

1
N , · · · , e−j2πNCP

N−1
N

])
(3.39)

For the sake of ISI characterization presented in this section, it is as-
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sumed that channel conditions change in time in a block fashion, i.e. the
way that the CIR is constant during a given OFDM symbol, but differs
between consecutive symbols. It will be later shown that calculation of Φ
based on the following assumption provides negligible error. This implies
that ISI part of (3.37) is equal zero, i.e. ∆B = 0, thus the matrix Φ is a
DFT of upper-triangular Toeplitz matrix.

The time-invariant nature of the CIR matrix H can be simulated in
frequency-domain according to the model presented in section 3.2 with no
additional constraints.

In the paper [55], Huckle has derived a formula to compute DFT of a
Hermitian Toeplitz matrix. Using analogous reasoning, we may reformu-
late the equations to calculate the DFT of the upper-triangular Toeplitz
matrix Φ. Denoting a vector ρ as the first row of the matrix B, and ξ as
the DFT of ρ computed with reversed phase rotation, which is equivalent
to IDFT operation, we got:

ρ = [0, . . . , 0, h(0, NDS), h(0, NDS − 1), . . . , h(0, NCP + 1)]T (3.40)

ξ = FHρ (3.41)

Then, the off-diagonal elements of the matrix Φ can be calculated as:

[Φ]n,m =
1√
N

1

1− wn−m
([ξ]m − [ξ]n) (3.42)

for n 6= m, where w = exp(−j2π/N) is the N -th root of unity, n,m =
0, . . . , N − 1 and [ξ]n denotes the n-th element of the vector ξ.

The diagonal part of Φ is given by eigenvalues of an optimal circulant
preconditioner for the matrix B [27]. It may be calculated as an IDFT
of a Hadamard product, denoted by ◦, between the vector ρ and a single
period of reversed sawtooth function:

diag(Φ) =
1√
N
F †([N,N − 1, . . . , 1]T ◦ ρ) (3.43)

Proof of (3.42) and (3.43) can be found in the section 3.3.3 of this
thesis.

The matrix Φ given by (3.42), except its diagonal elements, may be
expressed as a Hadamard product between an envelope matrix E, depen-
dent only on the DFT size N and invariant in time, and a matrix Γ that
depends on temporal channel conditions and a Power Delay Profile, which
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may differ between consecutive symbols. Therefore:

[E]n,m =

{
1

1−wn−m for n 6= m

0 for n = m
(3.44)

[Γ]n,m = [ξ]m − [ξ]n (3.45)

Φ =
1√
N

(
E ◦ Γ + diag

(
F †([N,N − 1, . . . , 1]T ◦ ρ)

))
(3.46)

Note the following identity for any z ∈ R:

1

1− ejz
=

1

2

(
1 + j cot

z

2

)
(3.47)

The matrix E is Hermitian-symmetric and Γ is skew-symmetric, thus
an energy of elements in both matrices and the result of their Hadamard
product Φ is distributed symmetrically. We are interested in finding ex-
pected energies of elements in the matrix Φ with respect to a distance
from its diagonal and its relation to undistorted subcarrier, namely, the
relation between E{‖[G]n,n[su]n‖2} and E{‖[Φ]n,m[su]m‖2}.

Assuming that the transmit modulation data have uniform power on
all subcarriers, i.e. E{‖[su]n‖2} = 1, the average power of an undistorted
subcarrier n after passing the fading channel is given by:

E{‖[G]n,n[su]n‖2} = E{‖[G]n,n‖2} =

=
1

N

N−1∑
m=0

(
‖h(n,m)‖

)2 (3.48)

Similarly, we derive a formula for the maximum power of ISI distortion
generated by the m-th and affecting the n-th subcarrier, either from the
previous or the current OFDM symbol. From (3.44), a value of the matrix
element [E]n,m is constant for given n and m. Then, according to (3.46),
for n 6= m we got:

E{‖[Φ]n,m[su]m‖2} = E{‖[Φ]n,m‖2} =

=
1

N
‖[E]n,m‖2 E{‖[Γ]n,m‖2}

(3.49)

In order to evaluate (3.49), we expand ξ in (3.45) to be expressed by
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elements of vector ρ:

[Γ]n,m =
N−1∑
k=0

[ρ]ke
j2πmk/N −

N−1∑
k=0

[ρ]ke
j2πnk/N =

=
N−1∑
k=0

[ρ]ke
j2πnk/N

(
1− ej2π(m−n)k/N

) (3.50)

Moreover, the following trigonometric identity holds:∥∥1− ejz
∥∥ =

∣∣2 sin
z

2

∣∣ (3.51)

Using (3.50) and (3.51), the power of elements in the matrix Γ may be
derived:

E{‖[Γ]n,m‖2} =
4

N

N−1∑
k=0

(
‖[ρ]k‖ ·

∣∣∣ sin π(m− n)k

N

∣∣∣)2

(3.52)

Finally, incorporating (3.47) and (3.52) into (3.49) yields:

E{‖[Φ]n,m‖2} =

=

(
cot π(m−n)

N

)2
+ 1

N

N−1∑
k=0

(
‖[ρ]k‖ ·

∣∣∣ sin π(m− n)k

N

∣∣∣)2 (3.53)

The equation (3.53) determines how significant is a contribution of
neighboring subcarriers to the interference caused by an insufficient cyclic
prefix. The power of interference depends on the FFT size, cyclic pre-
fix, distance between subcarriers and selected Power Delay Profile of the
channel. When a duration of the longest multipath tap spreaded beyond
the cyclic prefix is much smaller the the FFT size, which is always true
in practical OFDM realizations, an average distortion power tends to de-
crease as the distance between subcarriers grows. As illustrated in Fig.
3.10, the power of ISI is non-negligible only for the closest neighboring
subcarriers, similarly as it was proven in case of Intercarrier Interference
(ICI) inducted by high mobility [23].

The results included in the later part of this section consider the COST259
Hilly Terrain (HT) multipath profile, which is a commonly accepted model
to represent environments with very high delay spreads [2].
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Figure 3.10: Power of the interference matrix Φ relative to the power of
non-distorted subcarrier for various FFT sizes N and COST259 HT profile.
c©IEEE 2018

3.3.3 Fast Fourier Transform of Upper-Triangular Toeplitz
Matrix

In this section, we derive the equations (3.42) and (3.43) that provide
a general formula to calculate the DFT of an upper-triangular Toeplitz
matrix B in reduced time and resources. However, a reader should keep
in mind that the specific application presented in this work considers a
sparse zero-padded upper-triangular Toeplitz structure. Complexity of
the algorithm is O(N2 + N log2N) instead of O(N2 log2N), required in
case the FFT is applied to each row and then column of the matrix.

Start from a standard equation for the DFT of an arbitrary square
matrix B:

Φ = FBFH (3.54)

Multiplying the matrices on the left-hand side yields:

[FB]n,m =
1√
N

m∑
k=0

[ρ]k w
(m−k)n (3.55)

where w = e−j2π/N and vector ρ is the first row of Toeplitz matrix B.
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Then, the elements of matrix Φ are given by:

[Φ]n,m =
1

N

N−1∑
l=0

( m∑
k=0

[ρ]k w
(m−k)n

)
w−ml (3.56)

By unwrapping the sums in (3.56) and grouping with respect to the ele-
ments of ρ we got:

[Φ]n,m =
1

N

N−1∑
k=0

[ρ]k

(N−1∑
l=k

w(l−k)n−lm
)

=
1

N

N−1∑
k=0

[ρ]kw
−km

(N−k−1∑
l=0

wl(n−m)
) (3.57)

Then, consider (3.57) in two cases:

1. for n = m:

The exponents in the inner sum are equal 0 for all k, thus:

[Φ]n,n =
1

N

N−1∑
k=0

(N − k) [ρ]kw
−kn (3.58)

which is equivalent to (3.43).

2. for n 6= m:

Expand the inside sum using the formula for the finite sum of geo-
metric series:

[Φ]n,m =
1

N

N−1∑
k=0

[ρ]kw
−km1− w(n−m)(M−k)

1− wn−m

=
1

N

1

1− wn−m
(N−1∑
k=0

[ρ]kw
−km −

N−1∑
k=0

[ρ]kw
−kn
)

=
1√
N

1

1− wn−m
([ξ]m − [ξ]n)

(3.59)

what demonstrates (3.42).
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3.3.4 Application of the Framework in Channel Sim-
ulation

3.3.4.1 Algorithm

Based on the framework presented in section 3.3.2, the algorithm to sim-
ulate the effects of ISI in frequency domain can be summarized in the
following steps:

1. Define the vector ρ containing elements of the first row of the matrix
B̄ according to (3.40). The elements are taken from the temporal
channel impulse response (2.5).

2. Calculate the vectors ξ0 and ξ1 using the weighted Inverse Digital
Fourier Transform operation. This task is accomplished with low
complexity due to a high sparsity of the vector ρ.

[ξ0]n =
N−1∑
k=0

[ρ]k exp(j2πnk/N) (3.60)

[ξ1]n =
N−1∑
k=0

(N − k) · [ρ]k exp(j2πnk/N) (3.61)

3. Calculate elements of the matrix Φ:

[Φ]n,m =

{
1

1−wn−m
(
[ξ0]m − [ξ0]n

)
if n 6= m

[ξ1]n otherwise
(3.62)

where w = exp (−j2π/N)

4. Calculate the ISI term and apply channel convolution as given by
(3.38).

In order to reduce computational complexity of the simulation, the cal-
culation of (3.62) may be limited only to the elements inside a diagonal
band of the size b, analogously as it was defined for the sake of the ICI sim-
ulation in (3.5). Once the elements of the matrix Φ are obtained, the em-
ulator is able to calculate the ISI term in (3.38) by diagonal matrix-vector
multiplication, vector-vector subtraction and matrix-vector multiplication.
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Figure 3.11: Computational complexity of the frequency-domain ISI-aware
channel model, assuming N = 2048, Nsc = 1200, L = 17 and LISI = 8.

3.3.4.2 Complexity

Overall complexity of the algorithm, expressed as a number of required
cMAC operations, is given by:

OISI
FD = 2LISINsc +LISI +3(2b+1)Nsc +Nsc +(2b+1)Nsc +Nsc +OFD (3.63)

where LISI is a number of paths with delay exceeding the cyclic prefix
duration. The factor 2 · LISI · Nsc + LISI in (3.63) represents the IDFT
operations from (3.60) and (3.61). The term 3 · (2 · b + 1) · Nsc is an
effort required for calculation of the banded matrix Φ in (3.62). The
remaining terms in (3.63) represent vector additions and banded matrix-
vector multiplication in (3.38). Note that OFD represents complexity of
channel convolution and mobility-aware ICI model may be applied here.
Especially, OFD may be given by (3.28) or (3.29), but in the basic case
with low-mobility we assume OFD = OBlk

FD .

The complexity of the simulator considering 20 MHz LTE signal with
COST259 HT profile [2] is presented in Fig. 3.11. For relatively small
values of b, frequency domain modeling of ISI gains advantage when the
bandwidth is shared between multiple users.

69



3.3.4.3 Error Magnitude and Model Accuracy

The power P ISI of ISI depends on the cyclic prefix length NCP, OFDM
symbol length N and selected Power Delay Profile (PDP) of the emulated
channel, given by a set of average tap gains al and tap delays dl, where
l = 0, 1, . . . , L − 1. Without loss of generality, assume that E{[su]m

2} =
E{[su−1]m

2} = 1 when the subcarrier m is allocated for transmission.
The random variables [su]m and [su−1]m are i.i.d. zero-mean, since they
come from the same distribution or, more specifically, from the same set of
M -QAM constellation points selected uniformly. Based on the following
assumptions and (3.38), we obtain E{([su−1]m − [W-NCP

]m,m [su]m)2} =
2. The power of ISI is therefore given as a ratio between norms of the
frequency response matrices G and Φ:

P ISI = 2 · E{‖Φ‖
2
F}

E{‖G‖2
F}

(3.64)

According to the assumption that the channel impulse response has
uniform power and taking into account the property of channel variates
in (2.5), we obtain E{‖G‖2

F} = N . Based on the Parseval’s theorem, the
relation ‖Φ‖2

F = ‖B‖2
F holds and consequently (3.64) simplifies to:

P ISI = 2/N2

L−1∑
l=LCP

(dl −NCP + 1) al
2 (3.65)

where LCP is the lowest integer l that satisfies dl ≥ NCP.

Accuracy of the ISI modeling in frequency domain based on the algo-
rithm is biased by the error resulting from approximation of the matrix
B by the Toeplitz matrix B̄. However, this simplification allows for low
complex transformation of B̄ to its frequency-domain representation Φ̄.
The error of ISI modeling may also be caused by truncation of the matrix
Φ to its banded equivalent Φ defined by (3.5). Under the considered sim-
plifications, the power P ISI of ISI given by (3.65) is replaced by the biased
power P ISI

biased = P ISI + εISI. The error of ISI emulation is given by:

εISI = E
{ 1

N

∥∥ΦTrue −Φ
∥∥2

F

}
(3.66)

where ΦTrue denotes the true form of the matrix Φ that is not biased by
Toeplitz approximation and band truncation.

The magnitude of εISI was evaluated using Monte Carlo experiments
and the results are presented in Fig. 3.12. The error resulting from
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Figure 3.12: Joint error magnitude εISI resulting from Toeplitz approxi-
mation and truncation of the CFR ISI matrix Φ (3.62). The results were
derived with the COST259 HT [2] PDP profile and N = 512. The case
b = 0 allows only non-zero elements of Φ to be located on its main diago-
nal. c©John Wiley & Sons 2020

Toeplitz approximation of Φ is considerable for b = 0, i.e. when only
the diagonal part of Φ is calculated, but deteriorates as b increases. The
impact of higher Doppler frequency is visible only when no band matrix
truncation is used at all, that is, when b = N .

Analogously as it was done for the ICI-aware model in the section 3.2.6,
numerical accuracy of the ISI-aware model is evaluated in Monte-Carlo
simulations through comparison with the time-domain reference channel
model. The SER metrics defined in (3.34) is used to measure a goodness
of fit of the frequency domain model.

Similarly as in the section 3.2.6, the 20 MHz LTE configuration was
considered, but the channel was represented by COST259 HT [2] PDP
profile. A comparison of SER includes both ISI-aware and non-ISI aware
models used with conjunction with ICI-aware models covered in the section
3.2. This approach allows to exploit the sensitivity of the model accuracy
to the Doppler frequency. Both ICI-aware and non-ISI aware models as-
sume matrix band truncation with b = 16.

Obtained results are presented in Fig. 3.13. The results indicate that
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Figure 3.13: Accuracy of ISI-aware and non-ISI-aware frequency-
domain channel simulation models relative to time domain TDL model.
Frequency-domain mobility-aware models are included in the comparison.
Channel without AWGN is considered.

using b = 16 is sufficient to increase accuracy above 12 dB comparing to the
naive block-fading model in case of low mobility, i.e. fD ≈ 0 Hz. Accuracy
of the ISI-aware and non-ICI-aware channel model falls sharply as the
Doppler frequency grows. The ISI- and ICI-aware model with polynomial
R = 3 is much less sensitive to Doppler frequency and stays in constant
12 dB relation to the non-ISI- and non-ICI-aware model.

3.3.4.4 Normality of the Residual Noise

Reduction of the CFR interference matrix according to (3.5) results in
residual pseudo-noise signal produced by elements of the CFR matrix Φ−
Φ. A Monte-Carlo simulation was accomplished to measure a goodness of
fit to the normal distribution of the residual signal using the Jarque-Bera
(JB) test statistics [58]. The Jarque-Bera test verifies if the sampled data
have the kurtosis and skewness matching the normal distribution.

The test sample is calculated as
∑N−1

k=0 [Φ − Φ]m,k[s]k, where the ele-
ments of vector s are randomly chosen from 16-QAM modulation alphabet
for each sample. Calculated p-values are averaged over multiple realiza-
tions of a channel with the HT profile.
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Table 3.1: Obtained p-values from Jarque-Bera normality test statistics.
The values were computed with sample size of 105 and 103 channel real-
izations.

HHH
HHHb
N

128 256 512 1024

0 0.000313 0.000105 0.053446 0.030402

4 0.106961 0.049981 0.208508 0.093885

8 0.321353 0.103199 0.258352 0.140079

16 0.319279 0.376248 0.357483 0.319884

32 0.107915 0.534479 0.402031 0.402015

64 0.000000 0.515057 0.571853 0.487761

128 - 0.000000 0.427937 0.378077

256 - - 0.000000 0.316982

The results are shown in Table 3.1. Values below 0.05 reject the null-
hypothesis that test sample may come from normal distribution, whereas
higher values indicate a better match. The results draw a conclusion that
distribution of the residual signal is closest to Gaussian for b values between
N/16 and N/8. The interval is a trade off between the Central Limit
Theorem and a presence of terms with dominant energy.

3.4 Summary

In this chapter, the main contribution of this dissertation in the field of
the frequency domain channel modeling in OFDM has been presented.
Firstly, a framework that allows for efficient HIL verification of the CU
device of the C-RAN network has been proposed. The framework is based
on frequency-domain modeling of fading channel in the Intra-PHY split
architecture, which does not require transformation of the signal forth
and back to time domain, reducing number of required FFT iterations.
Also, this approach allows for more efficient multi-user simulations due to
orthogonal assignment of subcarriers in the OFDMA.

Then, the two new algorithms for enhancement of the accuracy of the
state of the art frequency domain modeling have been proposed.

The first algorithm for reconstructing ICI interference directly
in frequency domain has been introduced. The algorithm is based on ap-
proximation of the CFR matrix part inducted by variability of channel
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coefficients. This approximation offers a good practical compromise be-
tween relatively high accuracy and acceptable complexity. The algorithm
offers the best complexity reduction when small amount of subcarriers is
allocated for transmission or available bandwidth is shared between mul-
tiple users. A higher-order than linear approximation can be applied for
better modeling of ICI produced by arbitrary number of neighboring sub-
carriers with high accuracy at the cost of algorithm complexity increase.

The second algorithm has been designated to model ISI distor-
tion due to insufficient cyclic prefix length. It was shown that the strongest
ISI contribution to a given subcarrier comes from the neighboring subcar-
riers and it decays as the distance between subcarriers grows, similarly
as in case of ICI. Due to this fact, frequency-domain channel simulator
may focus on computation of the banded diagonal part of the CFR ISI
matrix Φ. Numerical experiment has shown that the residual ISI for a
given subcarrier, resulting from matrix Φ reduction to a banded one, has
a distribution close to the normal one for moderate-low band sizes. As a
consequence, the residual ISI may be treated as an additional Gaussian
noise added during simulation. Simulation time is shorter when a number
of simulated users is high and the reduction of CFR matrix is used.

Results from efficiency tests of both developed algorithms are presented
in the next chapter.
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Chapter 4

Evaluation of Frequency
Domain Models Through
Simulation of 5G
Communication System

Link-level performance of the equipment compliant to the modern Radio
Access Technologies, like LTE or 5G New Radio, is evaluated under stan-
dardized conformance testing conditions [9], specified by the maximum
Doppler frequency in Clarke-Jakes model of fading and a Power Delay
Profile (PDP). As long as a simplified channel model is used for simula-
tions instead of the canonical TDL implementation, it is crucial to ensure
that this fact does not impact on the measured performance metrics of
the system. Therefore, the aim of this chapter is to simulationally evalu-
ate high-level metrics of the communications system performance and how
they are impacted by the proposed channel simulation methods.

In the simulations presented in this chapter, beyond the baseline OFDM
transmitter and receiver block used to evaluate the models in sections 3.2.6
and 3.3.4.3, an end-to-end wireless communication system is employed,
including pilot-based channel estimation and Forward Error Correction
(FEC) coding. The design of the simulated system is intended to follow
physical layer specification of the 3GPP 5G New Radio [4, 5], imposing
certain OFDM parameterization and pilot structure, as well as usage of
LDPC codes as FEC. Moreover, diversified receiver structures are con-
sidered in the study, as the impact imposed by accuracy of the channel
model may affect performance of different receivers in a different way, de-
pending on advancement of algorithms used and amount of channel state
information known to the receiver.
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The metrics selected for evaluation are the uncoded Bit Error Rate
(BER), calculated after M-QAM demodulation in the receiver, and the
Block Error Rate (BLER), calculated after LDPC decoding stage. The
results are obtained using both frequency and time domain channel models
and mutually compared.

The simulation model of the communication system, presented in this
chapter and used in all experiments, was developed by the author of this
dissertation. The implementation was done in C++ and MATLAB.

4.1 Implementation of Simulated Commu-

nication System

A block diagram of a simulated system is depicted in Fig. 4.1. Note that
the time and frequency domain channel models are used exclusively. When
the frequency domain model is selected, the OFDM processing blocks are
bypassed, so the transmitter and the receiver are connected at a subcarrier
level.

The processing performed by the transmitter, including LDPC encod-
ing and rate matching, modulation symbol mapping, pilot generation and
OFDM modulation, are covered in detail by the standard documents [4,5].
Algorithms used to receive, equalize and decode the signal are not imposed
by the standard, so they are specific to a given implementation and can
be fine-tuned to achieve desired performance and complexity.

In order to simplify analysis, the simulation considers transmission and
reception of the signal between a single pair of antennas.

4.1.1 Baseband Receiver

The received time domain signal is OFDM-demodulated through the FFT
operation according to the description in section 2.3. The model assumes
perfect synchronization between the receiver and the transmitter, thus the
operation of time and frequency offset correction are not implemented.

The next stage in the receiver incorporates a channel estimation and
equalization performed in order to compensate the effects of multipath
propagation. The study considers several different structures of the base-
band receiver, but most of them are composed of the following high-level
building blocks:

• Subcarrier unmapping extracts modulationM -QAM symbols from
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Figure 4.1: Block diagram of the simulated communication system. The
frequency domain or time domain channel models are selected exclusively.
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OFDM subcarriers and separates the ones carrying user data and ref-
erence demodulation (pilot) signal.

• Channel estimator, based on received values of the pilot signal
and the expected one, estimates the channel frequency response in
pilot subcarrier positions.

• Channel estimator interpolator interpolates estimated channel
frequency response to non-pilot subcarrier positions, especially the
data subcarriers.

• Equalizer, based on obtained channel estimate, reverts the convo-
lution of the transmit data with the channel response on the data
subcarriers.

The simulations performed for the sake of this study consider four
different receiver configurations, which shall be covered by the rest of this
section.

4.1.1.1 Configuration A: LS Channel Estimator with ZF Equal-
izer

The Least Squares (LS) channel estimator minimizes the square distance
between the received and the transmitted pilot subcarriers. It is the most
basic pilot-based channel estimation algorithm [104]. Estimated channel
frequency response ĝp on the pilot subcarriers is calculated accordingly:

ĝLS
p = diag(sp)

∗ rp (4.1)

where sp and rp are the vectors of transmitted and received subcarriers on
pilot positions, respectively. Operator ∗ is a complex conjugation.

In the next step, the channel estimate ĝLS
p is expanded to non-pilot

positions using interpolation, resulting in a vector ĝLS.

The estimated channel frequency response ĝLS is used to equalize the
received data vector r. The Zero Forcing (ZF) equalizer applies the inverse
of the estimated channel frequency response to the received signal, in order
to reverse the effect of signal propagation over the fading channel. The
equalized signal ŝ is given by:

ŝ = diag(ĝLS)−1 r (4.2)
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4.1.1.2 Configuration B: MMSE Channel Estimator with ZF
Equalizer

The Minimum Mean Square Error (MMSE) channel estimator exploits the
knowledge of the channel’s second order statistics [38]. Due to the fact,
it provides better results than LS channel estimator, at the cost of higher
complexity. It is is obtained from the LS estimate (4.1) through its filtering
by the MMSE filter [104]:

ĝMMSE
p = Rhh

(
Rhh + β · SNR−1 · I

)−1
ĝLS
p (4.3)

where β is a constant depending on the signal constellation, equal to 1
in case of QPSK. The matrix Rhh = E{gpgpH} is a channel frequency-
domain autocovariance matrix between pilot subcarriers and I is an iden-
tity matrix. In the model’s implementation presented in this chapter, the
covariance matrix Rhh and SNR are assumed to be known a priori by the
receiver.

In the next steps, the MMSE channel estimate ĝMMSE
p is interpolated

to ĝMMSE and then used as an input to the ZF equalizer (4.2), replacing
ĝLS.

4.1.1.3 Configuration C: Perfect Non-ICI-Aware Channel Esti-
mator with ZF Equalizer

This receiver configuration is assumed to have complete knowledge of all
diagonal elements of the CFR matrix, namely the vector g. Interpolation
of the channel estimate is also not performed here, as all elements of g are
known a priori at the receiver. Due to the fact, it is assumed that:

ĝperfect = g (4.4)

The equalization is performed according to ZF criterion (4.2).

4.1.1.4 Configuration D: Perfect ICI-Aware with SIC Equalizer

This receiver configuration posses the complete knowledge of the CFR
matrix G, including the non-diagonal elements determining ICI between
subcarriers. In order to reverse the effect of ICI distortion, an equalizer
based on Successive Interference Cancellation (SIC) approach is employed.

A Parallel Interference Cancellation (PIC) variant of SIC was chosen for
implementation [78]. The process of equalization is performed in iterative
manner. We denote a matrix Ĝperfect = G and a vector ĝperfect as a diagonal
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of Ĝperfect. An initialization step of the PIC algorithm is similar to the ZF
equalizer in (4.2) [78]:

ŝ(0) = diag(ĝperfect)−1 r (4.5)

The interference J(i) in step i is given by [78]:

J(i) = Ĝperfectŝ(i−1) − diag(ĝperfect) ŝ(i−1) (4.6)

The updated interference-canceled received symbol ri in step i is given
by [78]:

r(i) = r − J(i) (4.7)

Then, the updated estimate of the transmitted data vector in step i is [78]:

ŝ(i) = ψ
(
diag(ĝperfect)−1 r(i)

)
(4.8)

where function ψ(v) enforces the value of each constellation point in vector
v to the closest symbol in the used M -QAM alphabet.

A number of 3 iterations of the PIC algorithm is performed during the
equalization. The full CFR matrix is taken for calculations, i.e. no matrix
truncation is applied during the equalization as in case of the frequency-
domain channel models.

More details on SIC techniques the reader can find in the reference [77].

4.1.2 Soft-Bit Demodulation of M-QAM Data

Each equalizedM -QAM constellation point is demodulated using the Max-
imum A Posteriori Probability (MAP) approach to produce values repre-
senting beliefs regarding a received bit b being equal to 0 or 1, expressed
in a form of Log-Likelihood Ratio (LLR):

LLR(b) = log
P (b = 0|s)
P (b = 1|s)

(4.9)

where s is an element of the receive data vector after equalization ŝ.

For the sake of the receiver design, a simplified MAP demodulator
proposed by Viterbi [113] is used, which approximates the logarithmic
LLR value of a bit b based on the distance difference between the closest
constellation points:

LLR(b) ≈ − 1

σ2

(
arg min
λ0∈Λ0

|s− λ0|2 − arg min
λ1∈Λ1

|s− λ1|2
)

(4.10)
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where Λ0 and Λ1 are the sets of ideal constellation points corresponding to
bit states 0 and 1 respectively, whereas σ2 is a noise variance of a subcarrier
over which the constellation point being demodulated was conveyed.

4.1.3 LDPC Coding

The LDPC code is a linear block code defined by a nullspace of a sparse
parity check matrix H , so that for each valid codeword d the following
parity check equation is satisfied:

H d = 0 (4.11)

The main building blocks of the 5G NR encoder, defined by [5], are:
codeblock segmentation, CRC attachment, channel coding and rate match-
ing with bit interleaving. The decoder is intended to revert the aforemen-
tioned operations, while minimizing the amount of bit errors. The rate
matching in the receiver allows for utilization of Incremental Redundancy
Hybrid Automatic Repeat Request (IR-HARQ) mechanism. A detailed
analysis of rate matching design can be found in [49].

Decoding of LDPC codes in practical applications is done based on it-
erative belief propagation algorithms. In the considered simulated system,
a variant of belief propagation called the Sum-Product Algorithm (SPA) is
employed [53,84]. Implementation of the decoder operates on LLR values
of soft-demodulated bits.

4.1.4 Configuration of Simulation Parameters

The simulations were performed based on system model and algorithms
described in the previous section. Parameters common to all performed
simulations are listed in the Table 4.1. The parameters that were modified
for different simulation scenarios, e.g. modulation order or coding rate, are
not included here, but shall be explicitly mentioned in later part of this
chapter when each scenario is tested individually. Moreover, as stated in
the Table 4.1, different PDP profiles were used in scenarios with sufficient
and insufficient cyclic prefix length to separately consider the effects of ICI
and ISI modeling.
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Table 4.1: List of common simulation parameters and their configuration.
Carrier frequency 6 GHz

Spatial channel type SISO

Bandwidth 5 MHz

Subcarrier spacing ∆f 15 kHz

FFT size N 512

Operating subcarriers Nsc 300

Cyclic prefix length NCP 40 long, 36 short

Pilot separation (time and freq.) 4 OFDM symbols and 2 subcarriers

Channel estimation interpolation Cubic spline

LDPC decoding Sum Product Algorithm (SPA) [53,84]

20 iterations

Soft demodulation method Approximated LLR [113]

PDP profile:
- Sufficient CP length scenario
- High-delay spread scenario

Extended Vehicular A (EVA) [9]
COST259 Hilly Terrain (HT) [2]

4.2 Numerical Experiments

4.2.1 Evaluated Channel Models

The following channel models are compared in this chapter:

• Time domain TDL model, defined in chapter 2.1.1.

• Trivial block fading model that neglects the effects of ICI and ISI,
discussed in chapter 2.4.2.

• Proposed mobility-aware frequency-domain model with ICI approx-
imation, defined in 3.2.3. Variants of the algorithm with linear and
cubic interpolation were evaluated, i.e. R = 1 and R = 3

• Proposed ISI-aware frequency domain model, defined in 3.3.

• Block fading model with AWGN ICI, derived based on (3.1) and
(3.6). The model shall assume quasi-stationary channel impulse re-
sponse, identically as in the trivial block fading model, but recon-
struct ICI as an additional AWGN. The following approximation of
the CFR matrix is used:

G ≈
√
P ICI

0 · diag(g) +
√
P ICI · diag(%) (4.12)
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where % is a vector of N i.i.d. elements taken from the zero-mean
and unitary variance normal distribution.

4.2.2 Measured Performance Metrics

Two types of system performance metrics are evaluated: Block Error Rate
(BLER) and uncoded Bit Error Rate (BER).

The BLER metric is calculated as a ratio between a number of received
code blocks with any error detected, i.e. the number of code blocks that
does not satisfy LDPC parity check (4.11), to the total number of received
code blocks. The BLER metric is calculated at the receiver after the LDPC
decoder stage.

The uncoded BER metric is defined as a ratio between a number of
bit errors to the total number of bits conveyed over M -QAM modulation
symbols. The uncoded BER metrics are measured by performing hard
decisions on Log-Likelihood Ratio (LLR) values before Rate Unmatching
stage at the receiver, followed by comparison with the transmitted code-
word bits at the input to the M -QAM modulator.

4.2.3 High Mobility Scenario

Simulations were performed for receiver configurations A - D considering
variations of both SNR and Doppler frequency. The measured uncoded
BER metrics are shown in Fig. 4.2 and Fig. 4.3. The overall trends indi-
cate that the discrepancies between the verified models and the reference
time-domain TDL model grow with both SNR and Doppler frequency, as
long as the BER is not close to the saturation level at a value of 0.5. Both
factors lead to increase of the power ratio between the noise inducted by
correlated ICI interference and the channel’s uncorrelated AWGN.

The presented results evidently prove that utilization of the channel
block-fading model significantly affects the measured performance metric
of the system, especially in the case of scenarios with high user mobility.
Discrepancies with the reference TDL model are evident. The performance
of receiver configuration C is characterized by a constant BER in the case
of the block-fading model, since the effect of ICI is not reproduced at all.
A similar phenomenon would be observed in a case of the block-fading
channel model with MMSE channel estimator and very high density of
pilot symbols in time domain.

The BER metrics obtained with AWGN ICI model match to the TDL
reference model well, when the receiver based on LS channel estimation
is used. This is explained by the fact that the receiver configuration A
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Figure 4.2: Uncoded BER of the system with receiver configurations A -
D, considering QPSK modulation, EVA PDP profile, SNR = 20 dB and
varying Doppler frequency. Frequency-domain models assume CFR matrix
truncation with b = 16. c©John Wiley & Sons 2020

is agnostic to any channel statistics, especially correlation of fading in
frequency and time. For more advanced receiver configurations, the model
provides inaccurate prediction of BER, because the assumption of an ICI
noise being uncorrelated taken by the channel model has a negative impact
on their operation. On the other hand, the metrics obtained with frequency
domain ICI approximation model match close to the reference data for all
considered cases. Discrepancy with the reference is either minimal, as in
the case of the receiver configuration D, or not visible at all. Utilization of
higher than linear interpolation order does not have a noticeable impact
in considered Doppler frequency ranges.

The dependence of approximation error on the CFR matrix band size
b was also investigated and summarized in Fig. 4.4. Increasing the band
size of CFR matrix above the value of 16 has no strong justification, as an
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Figure 4.3: Uncoded BER of the system with receiver configurations A -
D, considering QPSK modulation, EVA PDP profile, varying SNR and se-
lected two values of Doppler frequency. Frequency-domain models assume
b = 16. c©John Wiley & Sons 2020

impact on the final shape of the BER curve is negligible.

Simulation results including the impact of LDPC coding are presented
in Fig. 4.5. The obtained BLER metrics tend to confirm observations
made for the uncoded BER case. One important remark is that BLER of
the AWGN ICI model does not match to the TDL reference model in term
of curve shape for high SNR values. The difference is mostly visible with
the receiver configuration B, where MMSE algorithm is able to filter out
significant part of the added noise.

4.2.4 High Delay Spread Multipath Channel Scenario

A simulation of the high delay spread scenario was performed to exploit the
performance of the frequency-domain ISI aware model. The uncoded BER
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Figure 4.4: Uncoded BER for the frequency domain models with receiver
configuration C, QPSK modulation, EVA PDP profile, SNR = 20 dB and
varying band matrix size b. c©John Wiley & Sons 2020

metrics obtained for the receiver configurations A - C are depicted in Fig.
4.6. In the case of simulation scenarios with no mobility, i.e. when fd ≈ 0
Hz, frequency domain models lacking ISI emulation lead to incorrect re-
sults comparing to the time-domain TDL model. When considering user
mobility, accuracy of the ISI-aware block-fading model deteriorates sig-
nificantly with growing Doppler frequency. However, the model exhibits
much more robustness against mobility when ISI emulation is performed
in pair with frequency-domain ICI approximation. This indicates that a
significant part of the non-idealities is caused by the finite precision of the
ICI modeling, but not by approximation of the matrix B by a Toeplitz
matrix.

The BLER metrics depicted in Fig. 4.7 confirm the aforementioned
conclusions. In the considered configuration, the error between trivial
block fading model and the joint ISI-ICI aware model grows to the order
of magnitude for higher SNR values.

4.2.5 Discussion

The presented results prove that non-idealities of frequency-domain chan-
nel modeling can be reduced by utilization of the evaluated algorithms
proposed in sections 3.2.3 and 3.3 of this report. An empirical compar-
ison between the BER and BLER characteristics of the OFDM system
incorporating time- and frequency-domain fading channel models clearly
shows that utilization of the trivial block-fading model results in notably
different performance metrics compared with the reference time-domain
TDL model. Proposed approximation of ICI interference in the frequency
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Figure 4.5: Coded BLER of the system with receiver configurations A - D,
16-QAM modulation, code rate 0.64, EVA PDP profile, Doppler frequency
fd = 1000 Hz and varying SNR. Frequency-domain models assume b = 16.
c©John Wiley & Sons 2020

domain preserves the trend of BER and BLER dependence on Doppler
frequency and increases the overall accuracy. The results presented in this
chapter demonstrate that usage of banded CFR matrices with very wide
bandwidth b does not bring noticeable improvement in the accuracy of
the channel model. Additionally, the accuracy gain of non-linear interpo-
lation is not evident in the considered scenarios and Doppler frequencies
below 1.5 kHz. Therefore, the linear interpolation of the CRF matrix
seems to be sufficient for mobility channel emulation under realistic user
velocities and carrier frequencies considered in modern mobile communi-
cation. Moreover, neglecting the impact of an insufficient Cyclic Prefix
length severely impacts the system performance metrics obtained through
simulations. The considered ISI modeling method through the Toeplitz
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Figure 4.6: Uncoded BER of the system with the receiver configurations
A - C, SNR = 20 dB and QPSK modulation, under channel conditions
with a very long delay spread (COST259 HT PDP profile). ISI-aware and
non-ISI-aware models are compared. Frequency-domain models assume
b = 16. c©John Wiley & Sons 2020

Figure 4.7: Coded BLER of the system with receiver configurations A - C,
16-QAM modulation, code rate 0.64, COST259 HT PDP profile, Doppler
frequency fd = 1000 Hz and varying SNR. ISI-aware and non-ISI-aware
channel models are compared. Frequency-domain models assume b = 16.
c©John Wiley & Sons 2020

approximation significantly improves the overall prediction of BER and
BLER, when an error caused by this approximation does not impact the
measured performance metrics.

4.3 Summary

In this chapter, the results of a high-level simulation of the 5G commu-
nications system has been provided in order to show the impacts of the
frequency domain channel models proposed in this dissertation. The BER
and BLER performance metrics have been compared, considering differ-
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ent configurations of the receiver algorithms that exploit different level of
available channel state information. The results indicate that discrepan-
cies between time and frequency domain models are heavily dependent on
the receiver complexity and Doppler frequency.

It was shown that the proposed frequency domain approximation meth-
ods for ICI and ISI preserve the trend of BER and BLER curves compar-
ing to the canonical time domain model, which was used as a reference.
Utilization of the trivial block fading model evidently leads to inaccurate
results in case of ICI, when a mobile user exploits high mobility, and ISI,
when the cyclic prefix length is not enough to compensate delay spread
of the channel. In case of ICI modeling, linear frequency-domain approx-
imation provides accurate performance metrics, hence the advantage of
higher order polynomials is negligible for considered Doppler frequencies.
It was also verified that modeling of ICI distortion as uncorrelated AWGN
provides close match to the time domain model only in case of very sim-
ple receiver structures and is not sufficient for verifying systems based on
complex receivers.
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Chapter 5

Conclusions

The frequency-domain channel models are a cost-saving solution for the
Hardware-in-the-Loop validation of the C-RAN baseband Control Units,
allowing emulation of wireless fading channel effects directly at the OFDM
subcarrier level. Different type of hardware can be used in practical HIL
channel emulation, including hardware and software solutions. While com-
pared with the C-RAN CU testbed structure based on the time-domain
channel emulation, the emulation performed in frequency domain provides
many advantages. Specifically, it leads to a reduction in computational
effort per emulated user due to operations on sparse vectors and matrices,
eliminates the necessity to transform a signal back and forth to the time do-
main, and simplifies the UE behavioral model by omitting the Lower-PHY
sublayer. However, utilization of the State-of-the-Art frequency-domain
channel emulators based on block fading model may lead to unrealistic
simulation results in some specific scenarios. The aim of this dissertation
was to present enhanced frequency-domain channel models that provide
better match with the canonical time-domain TDL model in high-delay
spread and high-mobility scenarios.

In this work, two methods were proposed to overcome the limitations
of frequency-domain channel model based on the block-fading assump-
tion. The first method preforms simulational reconstruction of distortion
caused by Intercarrier Interference (ICI), which is achieved by interpola-
tion of the CFR matrix done directly in frequency-domain. The second
method numerically reconstructs the Instersymbol Interference (ISI) by ex-
ploiting the newly developed formula for the DFT of an upper-triangular
Toeplitz matrix. Both of the methods lead to significant improvement
of channel model accuracy comparing to the trivial block-fading model.
Moreover, computational complexity of the presented methods is very well
scalable with increasing number of users sharing the same OFDM band-
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width. Complexity of the canonical time-domain model is slightly lower in
case of a single user simulation scenario; however, the frequency-domain
models become considerably more advantageous when the number of co-
scheduled users grows. The best possible performance comparing to the
time-domain model shall be achieved during a high traffic scenarios or per-
formance testing, when hundreds or thousands of terminals are connected
to the Base Station though the air interface. This property is crucial in
case of modern 5G communication standards, considering especially eMBB
and uRLLC scenarios. Both of the methods were evaluated in a high-level
simulations of communication system, proving that simplifications and as-
sumptions made during design of the improved models have negligible
impact on system performance metrics obtained through simulations.

The work presented in this dissertation was focused on development
and numerical verification of new, improved frequency-domain simulation
models. A natural step of further study is an actual real-time implementa-
tion of the models in the channel emulator device. Due to high data-rate
requirements imposed by the modern 5G communication standard, imple-
mentation in hardware is preferred, as existing CPU or DSP cores may
not provide sufficient computational power to process the desired number
of parallel data streams sampled at required sampling rates, especially in
case of massive MIMO and eMBB. Since FPGA was often selected for pro-
totyping of channel emulators in the past [13,47,92], it is a most preferred
options also in case of the proposed channel models.
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[20] T. Blazek and C. Mecklenbräuker. Sparse time-variant impulse re-
sponse estimation for vehicular channels using the c-LASSO. In
IEEE 28th Annual Int. Symp. on Personal, Indoor and Mobile Ra-
dio Commun. (PIMRC), Oct. 2017.

[21] K. Borries et al. FPGA-based channel simulator for a wireless net-
work emulator. In IEEE 69th Veh. Technol. Conf. (VTC-Spring),
April 2009.

[22] E. Briggs, B. Nutter, and D. McLane. A real-time multi-path fading
channel emulator developed for LTE testing. In Wireless Innovation
Forum Conference, Dec. 2011.

[23] X. Cai and G. Giannakis. Bounding performance and suppressing in-
tercarrier interference in wireless mobile OFDM. IEEE Trans. Com-
mun., 51(12):2047–2056, Dec. 2003.

94



[24] G. Capdehourat et al. High density emulation platform for Wi-Fi
performance testing. Ad Hoc Networks, 70:1–13, March 2018.

[25] R. Carreón-Villal et al. A triply selective MIMO channel simulator
using GPUs. Wireless Commun. Mob. Comput., March 2018.

[26] R. Carruthers and N. Beaulieu. A quadrature Markov chain model
of the Rayleigh fading channel. In IEEE Int. Conf. Commun., May
2008.

[27] T. Chan. An optimal circulant preconditioner for Toeplitz systems.
SIAM J. Sci. Stat. Comput., 9(3):766–771, July 1988.

[28] C. Chang, N. Nikaein, and T. Spyropoulos. Impact of packetization
and scheduling on C-RAN fronthaul performance. In IEEE Global
Commun. Conf. (GLOBECOM), Dec. 2016.

[29] J. Chaudhary et al. C-RAN employing xRAN functional split: Com-
plexity analysis for 5G NR remote radio unit. In Eur. Conf. on
Networks and Commun. (EuCNC), June 2019.

[30] Z. Chen et al. Design of hardware-in-the-loop simulation system for
LTE-A system based on USRP. In IEEE 11th Conf. Ind. Electron.
Appl. (ICIEA), June 2016.

[31] D. Chitimalla et al. 5G Fronthaul – latency and jitter studies of
CPRI over Ethernet. IEEE J. Opt. Commun. Netw., 9(2):172–182,
Feb. 2017.

[32] D. Chizhik et al. Multiple-input–multiple-output measurements
and modeling in Manhattan. IEEE J. Sel. Areas Commun.,
21(3):321–331, April 2003.

[33] F. Civerchia et al. Encapsulation techniques and traffic character-
isation of an Ethernet-based 5G Fronthaul. In 20th Int. Conf. on
Transparent Opt. Netw. (ICTON), July 2018.

[34] R. H. Clarke. A statistical theory of mobile-radio reception. Bell
Syst. Tech. J., 47(6):957–1000, July 1968.

[35] R. H. Clarke. A power-spectral theory of propagation in the mobile-
radio environment. IEEE Trans. Veh. Technol., 21(1):27–38, Feb.
1972.

95



[36] F. Di Stasio, M. Mondin, and F. Daneshgaran. Multirate 5G down-
link performance comparison for f-OFDM and w-OFDM schemes
with different numerologies. In Int. Symp. on Netw., Computers and
Commun. (ISNCC), June 2018.

[37] T. Dominguez-Bolano et al. The GTEC 5G link-level simulator,. In
1st Int. Workshop on Link- and System Level Simul. (IWSLS), July
2016.

[38] O. Edfors et al. OFDM channel estimation by Singular Value De-
composition. IEEE Trans. Commun., 46(7):931–939, July 1998.

[39] H. Eslami, S. Tran, and A. Eltawil. Design and implementation of
a scalable channel emulator for wideband MIMO systems. IEEE
Trans. Veh. Technol., 58(9):4698–4709, Nov. 2009.

[40] M. Faulkner. The effect of filtering on the performance of ofdm
systems. IEEE Trans. Veh. Technol., 49(5):1877–1884, Sept. 2000.

[41] D. Fei et al. Hardware-in-the-loop simulation of LTE system in high-
speed environment. In 8th Int. Conf. on Commun. and Netw. in
China (CHINACOM), Aug. 2013.

[42] N. Franchi, G. Fischer, and R. Weigel. Radio Hardware in-the-loop
emulation for testing vehicular communication systems. In 5th Int.
Symp. on Wireless Veh. Commun. (WiVeC), June 2013.

[43] I. Freire et al. Low complexity precoder and equalizer for DMT
systems with insufficient cyclic prefix. In IEEE Global Commun.
Conf. (GLOBECOM), Dec. 2014.

[44] A. Goldsmith. Wireless Communications. Cambridge University
Press, USA, 2005.

[45] R. M. Gray. Toeplitz and circulant matrices: A review. Foundations
and Trends in Communications and Information Theory, 2(3):155–
239, 2006.

[46] C. Guti, M. Cabrera-Bean, and M. Pätzold. On the problems of
symbol-spaced tapped-delay-line models for WSSUS channels. Wire-
less Commun. Mob. Comput., 9:1181–1193, 2009.

[47] B. Habib, G. Zaharia, and G. El Zein. Improved frequency domain
architecture for the digital block of a hardware simulator for MIMO

96



radio channels. In 10th International Symposium on Signals, Circuits
and Systems (ISSCS), Sept. 2011.

[48] J. Hamamreh, Z. Ankarali, and H. Arslan. CP-less OFDM with
alignment signals for enhancing spectral efficiency, reducing latency,
and improving PHY security of 5G services. IEEE Access, 6:63649–
63663, Oct. 2018.

[49] F. Hamidi-Sepehr, A. Nimbalker, and G. Ermolaev. Analysis of 5G
LDPC codes rate-matching design. IEEE 87th Veh. Technol. Conf.
(VTC-Spring), June 2018.

[50] M. Hata. Empirical formula for propagation loss in land mobile radio
services. IEEE Trans. Veh. Technol., 29(3):317–325, Aug. 1980.

[51] F. Hlawatsch and G. Matz. Wireless Communications Over Rapidly
Time-Varying Channels. Academic Press, Inc., USA, 1st edition,
2011.

[52] P. Hoeher. A statistical discrete-time model for the wssus multipath
channel. IEEE Trans. Veh. Technol., 41(4):461–468, Nov. 1992.

[53] X. Hu et al. Efficient implementations of the Sum-Product Algorithm
for decoding LDPC codes. IEEE Global Commun. Conf. (GLOBE-
COM), Nov. 2001.

[54] P. Huang et al. Towards scalable network emulation: Channel ac-
curacy versus implementation resources. In IEEE INFOCOM, April
2013.

[55] T. Huckle. Some aspects of circulant preconditioners. SIAM J. Sci.
Comput., 14(3):531–541, May 1993.

[56] J. Ikuno, M. Wrulich, and M. Rupp. System level simulation of LTE
networks. In IEEE 71st Veh. Technol. Conf. (VTC-Spring), May
2010.

[57] W. C. Jakes. Microwave Mobile Communications. IEEE press classic
reissue. Wiley, New York, USA, 2nd edition, 1994.

[58] C. Jarque and A. Bera. A test for normality of observations and
regression residuals. International Statistical Review, 55(2):163–172,
Aug. 1987.

97



[59] W. Jeon, K. Chang, and Y. Cho. An equalization technique for
orthogonal frequency-division multiplexing system in time-variant
multipath channel. IEEE Trans. Commun., 47:27–32, Jan. 1999.

[60] Y. Jin and X. Xia. An interference nulling based channel independent
precoding for MIMO-OFDM systems with insufficient cyclic prefix.
IEEE Trans. Commun., 61(1):131–143, Jan. 2013.

[61] M. Kahrs and C. Zimmer. Digital signal processing in a real-time
propagation simulator. EEE Trans. Instrum. Meas., 55(1):197–205,
Feb. 2006.

[62] T. Kailath. Sampling models for linear time-variant filters. Technical
Report 352, M.I.T. Research Laboratories of Electronics, May 1959.

[63] J. Kermoal et al. A stochastic MIMO radio channel model with
experimental validation. IEEE J. Sel. Areas Commun., 20(6):1211–
1226, Aug. 2002.

[64] C. Komninakis. A fast and accurate rayleigh fading simulator. In
IEEE Global Commun. Conf. (GlobeCom), Dec. 2003.

[65] L. Larsen, A. Checko, and H. Christiansen. A survey of the functional
splits proposed for 5G mobile crosshaul networks. IEEE Commun.
Surveys Tuts., 21(1):146–172, First Quarter 2018.

[66] N. Lemieux and M. Zhao. Small Cells, Big Impact: Designing power
solutions for 5G applications. Texas Instruments, White Paper, Aug.
2019. [Online]. Available: http://www.ti.com/lit/wp/slyy166/

slyy166.pdf.

[67] L. Li et al. SINR-oriented flexible quantization bits for optical-
wireless deep converged eCPRI. In Int. Conf. on Opt. Netw. Des.
and Model. (ONDM), May 2018.

[68] K. Liang, J. Lo, and W. Weng. Design and actualisation of the
improved Jakes fading channel. IET Commun., 11(3):385–392, Feb.
2017.

[69] W. Liao and H. Su. Simulation method for realizing correlated
OFDM channel in frequency domain. In IEEE Int. Symp. on Per-
sonal, Indoor and Mobile Radio Commun., Sept. 2009.

98



[70] X. Liu, H. Chen, S. Chen, and W. Meng. The effect of filtering
on the performance of ofdm systems. IEEE Trans. Veh. Technol.,
66(1):282–294, Jan. 2017.

[71] X. Liu, H. Chen, W. Meng, and B. Lyu. Successive multipath in-
terference cancellation for CP-free OFDM systems. IEEE Sys. J.,
13(2):1125–1134, June 2018.

[72] J. Matai et al. Designing a Hardware in the loop wireless digital
channel emulator for Software Defined Radio. In Int. Conf. Field-
Programmable Technol. (FPT), Dec. 2012.

[73] S. Matoussi et al. Joint functional split and resource allocation in
5G Cloud-RAN. Int. Conf. Commun. (ICC), Shanghai, China, May
2019. IEEE.

[74] C. Mehlführer et al. Low-complexity MIMO channel simulation by
reducing the number of paths. In ITG/IEEE Workshop on Smart
Antennas (WSA 2007), Feb. 2007.

[75] C. Mehlführer and M. Rupp. Approximation and resampling of
tapped delay line channel models with guaranteed channel prop-
erties. In IEEE Int. Conf. Acoustics, Speech and Signal Process.,
March 2008.

[76] M. Mezzavilla et al. End-to-end simulation of 5G mmWave net-
works. IEEE Commun. Surveys Tuts., 20(1):2237–2263, Third Quar-
ter 2018.

[77] N. Miridakis and D. Vergados. A survey on the Successive Inter-
ference Cancellation performance for single-antenna and multiple-
antenna OFDM system. IEEE Commun. Surveys Tuts., 15(1):312–
335, First Quarter 2013.

[78] A. Molisch, M. Toeltsch, and S. Vermani. Iterative methods for
cancellation of intercarrier interference in OFDM systems. IEEE
Trans. Veh. Technol., 56(4):2158–2167, July 2007.

[79] S. Mondari and S. Gazor. An OFDM Rayleigh fading channel sim-
ulator. In IEEE 64th Veh. Technol. Conf (VTC-Fall), Feb. 2006.

[80] G. Mountaser et al. On the feasibility of MAC and PHY split in
Cloud RAN. In IEEE Wireless Commun. Netw. Conf. (WCNC),
March 2017.

99



[81] G. Mountaser, M. Mahlouji, and T. Mahmoodi. Latency bounds of
packet-based fronthaul for Cloud-RAN with functionality split. In
IEEE Int. Conf. Commun. (ICC), May 2019.

[82] K. Natarajan and N. Chandrachoodan. Non-uniform DFT imple-
mentation for channel simulations in GPU. In 21st Nat. Conf. Com-
mun. (NCC), March 2015.

[83] M. Nisar et al. On channel estimation and equalization of ofdm
systems with insufficient cyclic prefix. In IEEE 65th Veh. Technol.
Conf. (VTC-Spring), April 2007.

[84] S. Papaharalabos and F. Lazarakis. Approximated Box-Plus decod-
ing of LDPC codes. IEEE Commun. Lett., 19(12):2074–2077, Dec.
2015.

[85] G. Park et al. 5G K-Simulator: Link level simulator for 5G. In IEEE
Int. Symp. Dynamic Spectr. Access Networks (DySPAN), Oct. 2018.

[86] G. Parsace, A. Yarali, and H. Ebrahimzad. MMSE-DFE equalizer
design for OFDM systems with insufficient cyclic prefix. In IEEE
60th Veh. Technol. Conf. (VTC-Fall), Sep. 2004.

[87] N. Patriciello et al. An E2E simulator for 5G NR networks. Elsevier
Simul. Model. Pract. and Theory (SIMPAT), 96:101933, Nov. 2019.

[88] T. Pedersen. Stochastic multipath model for the in-room radio chan-
nel based on room electromagnetics. IEEE Trans. Antennas Propag.,
67(4):2591–2603, April 2019.

[89] G. Phillips. Interpolation and Approximation by Polynomials.
Springer, New York, 2003.

[90] J. Poikonen et al. A computationally efficient simulation chain for
OFDM-based wireless systems. In IEEE Int. Sym. on Broadband
Multimedia Systems and Broadcasting (BMSB), June 2011.

[91] M. Pop and N. Beaulieu. Limitations of sum-of-sinusoids fading
channel simulators. IEEE Trans. Commun., 49(4):699–708, April
2001.

[92] K. Prahlad and B. Ramamurthi. Design and implementation of a
multi-terminal channel emulator on LTE testbed. In 21st Nat. Conf.
Commun. (NCC), March 2015.

100



[93] S. Pratschner et al. Verification of the Vienna 5G link and system
level simulators and their interaction. In 16th IEEE Annu. Consum.
Commun. Netw. Conf. (CCNC), Jan. 2018.

[94] B. Priyanto, H. Codina, S. Rene, T. Sorensen, and P. Mogensen. Ini-
tial performance evaluation of DFT-spread OFDM based SC-FDMA
for UTRA LTE uplink. In IEEE Veh. Technol. Conf. (VTC-Spring),
Apr. 2007.

[95] M. Pätzold. Mobile Fading Channels. John Wiley & Sons, Inc., New
York, 2002.

[96] M. Pätzold, A. Szczepanski, and N. Youssef. Methods for modeling of
specified and measured multipath power-delay profiles. IEEE Trans.
Veh. Technol., 51(5):978–988, Sept. 2002.

[97] M. Pätzold, C. Wang, and B. Hogstad. Two new Sum-of-Sinusoids-
based methods for the efficient generation of multiple uncorre-
lated Rayleigh fading waveforms. IEEE Trans. Wireless Commun.,
8(6):3122–3131, June 2009.

[98] R. Rakesh and E. Viterbo. Ray-tracing simulation of cross-road
scenarios based on a stochastic model for vehicular traffic. In IEEE
90th Veh. Technol. Conf. (VTC-Fall), Sept. 2019.

[99] S. Sagari, Wade Trappe, and L. Greenstein. Equivalent tapped delay
line channel responses with reduced taps. In IEEE 78th Veh. Technol.
Conf. (VTC-Fall), Sept. 2013.

[100] A. Salam et al. Novel approach for modeling wireless fading channels
using a finite state Markov chain. ETRI J., 39(5):718–728, Oct. 2017.

[101] P. Sehier et al. Transport network design for fronthaul. In IEEE
86th Veh. Technol. Conf. (VTC-Fall), Sept. 2017.

[102] G. Shah et al. Real-time Hardware-in-the-loop emulation framework
for DSRC-based connected vehicle applications. In IEEE 90th Veh.
Technol. Conf. (VTC-Fall), Sept. 2019.

[103] M. Shehata et al. Multiplexing gain and processing savings of 5G
radio-access-network functional splits. volume 2, pages 982–991, Dec.
2018.

101



[104] M. Simko, D. Wu, C. Mehlfuehrer, J. Eilert, and D. Liu. Imple-
mentation aspects of channel estimation for 3GPP LTE terminals.
In 17th European Wireless 2011 - Sustainable Wireless Technologies,
April 2011.

[105] S. Siripurapu, A. Gayasen, P. Gopalakrishnan, and N. Chandrac-
hoodan. FPGA implementation of non-uniform DFT for acceler-
ating wireless channel simulations. In ACM/SIGDA Int. Sym. on
Field-Programmable Gate Arrays, Feb. 2017.

[106] B. Sklar. Rayleigh fading channels in mobile digital communication
systems. Part I: Characterization. IEEE Commun. Mag., 35(7):90–
100, July 1997.

[107] S. Smith. Digital Signal Processing: A Practical Guide for Engi-
neers and Scientists. Elsevier Science & Technology, Saint Louis, 1st
edition, 2003.

[108] M. Speth et al. Optimum receiver design for wireless broad-band
systems using OFDM — part i. IEEE Trans. Commun., 47(1):1668–
1677, Nov. 1999.

[109] G. Tavares and A. Petrolino. On the generation of correlated Gaus-
sian random variates by Inverse DTF. IEEE Trans. Commun.,
59(1):45–51, Jan. 2011.

[110] J. Thrane, D. Zibar, and H. Christiansen. Comparison of empirical
and ray-tracing models for mobile communication systems at 2.6
GHz. In IEEE 90th Veh. Technol. Conf. (VTC-Fall), Sept. 2019.

[111] H. Tong and S. Zekavat. Spatially correlated MIMO channel - gen-
eration via Virtual Channel Representation. IEEE Commun. Lett.,
10(5):332–334, May 2006.

[112] T. Tran, A. Younis, and D. Pompili. Understanding the compu-
tational requirements of virtualized baseband units using a pro-
grammable Cloud Radio Access Network testbed. Int. Conf. on Au-
tonomic Computing (ICAC), Columbus, USA, July 2017. IEEE.

[113] A. Viterbi. An intuitive justification and a simplified implementation
of the MAP decoder for convolutional codes. IEEE J. Sel. Areas
Commun., 16(2):260–264, Feb. 1998.

102



[114] H. Wang, S. Du, and N. Guan. Design of fading channel simulator
based on IIR filter using genetic algorithm. Int. J. Communications,
Network and System Sciences, 10(5B):105–115, May 2017.

[115] X. Wang et al. Network-scale emulation of general wireless channels.
In IEEE 74th Veh. Technol. Conf. (VTC-Fall), Sept. 2011.

[116] L. Wood and W. Hodgkiss. Understanding the weichselberger model:
A detailed investigation. In IEEE Military Commun. Conf. (MIL-
COM), Nov. 2008.

[117] H. Wu. Analysis and characterization of intercarrier and interblock
interferences for wireless mobile OFDM systems. IEEE Trans.
Broadcast., 52(2):203–210, June 2006.

[118] Y. Xiao, X. Li, P. Wei, L. Xiao, and W. Xiang. Hybrid prefix OFDM
transmission toward future wireless communications. IEEE Access,
6:22341–22352, April 2018.

[119] xRAN.org. The mobile access network, beyond connectivity.
White Paper, Oct. 2016. [Online]. Available: www.xran.org/s/

XRAN-Mobile-Access-Network-Beyond-Connectivity-20-161011-f8wl.

pdf.

[120] X. Xu and R. Mathar. Autoregressive modeling of frequency selective
channels for synchronized OFDM systems. In 6th Eur. Conf. on
Antennas and Propagation (EUCAP), March 2012.

[121] J. Yang, C. Nour, and C. Langlais. Correlated fading channel sim-
ulator based on the Overlap-Save Method. IEEE Trans. Wireless
Commun., 12(6):3060–3071, June 2013.

[122] Y. Yang et al. 5G Wireless Systems: Simulation and Evaluation
Techniques. Springer International Publishing, Cham, Switzerland,
2018.

[123] H. Yin and S. Alamouti. Ofdma: A broadband wireless access tech-
nology. In IEEE Sarnoff Sym., March 2006.

[124] D. Young and N. Beaulieu. The generation of correlated rayleigh
random variates by inverse discrete fourier transform. IEEE Trans.
Commun., 48(7):1114–1127, July 2000.

103



[125] A. Zaidi et al. OFDM numerology design for 5G New Radio to
support IoT, eMBB, and MBSFN. IEEE Trans. Commun., 2(2):78–
83, June 2018.

[126] M. Zhao, Z. Shi, and M. Reed. Iterative turbo channel estimation
for OFDM system over rapid dispersive fading channel. IEEE Trans.
Wireless Commun., 7(8):3174–3184, Aug. 2008.

[127] Y. Zheng and C. Xiao. Improved models for the generation of mul-
tiple uncorrelated rayleigh fading waveforms. IEEE Commun. Lett.,
6(6):256–258, June 2002.

104


