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Summary
The convergence of mobile communications and the Internet towards wireless multimedia will en
able services that need transmissions rates that cannot be provided by current wireless communica
tion systems. The demand for broadband wireless communication systems is also observable in the
area of wireless local-area-networks, which rapidly win ground on conventional wired networks.
Combining the spectral efficiency of Multiple-Input Multiple-Output (MIMO) with the robustness
against frequency selective fading and narrowband interference of Orthogonal Frequency Division
Multiplexing (OFDM) is regarded as a very promising basis for future high data rate radio commu
nication systems. The basics of both techniques (i.e. MIMO and OFDM) as well as their combina
tion have been explained in this thesis.

It is commonly known that a Single-Input Single-Output (SISO) OFDM system is vulnerable to
offsets in both the time and frequency domain. The influence of these offsets, when such a system
is expanded to a MIMO OFDM system has not been treated before. Therefore, the objectives of the
project described in this thesis were to propose and evaluate time efficient synchronisation algo
rithms for a MIMO OFDM system and to find the influence of errors in the synchronisation on the
performance of such a system.

In this thesis it is found that a MIMO OFDM system is as sensitive to carrier frequency offset as a
conventional SISO OFDM system, when transmitting for the same length of time, but is less sensi
tive when a certain packet data length is transmitted. The influence of timing offset is shown to be
similar to the SISO case, although the MIMO system seems to be less sensitive at high delay
spreads. To minimise these offsets, the optimal symbol timing has been proposed for a MIMO
OFDM system that is shown to achieve the best performance. Joint timing for the whole MIMO
receiver is found to be preferable to timing per receiver branch, since its performance is only mar
ginallower and it eases the further signal processing.

Furthermore, synchronisation techniques are proposed for burst-mode MIMO OFDM systems,
which depend on data-aided acquisition, in which the data transmission is preceded by a preamble.
Two concepts of preambles for synchronisation of MIMO system are proposed. The synchronisa
tion is based on techniques earlier proposed for SISO OFDM and exists of three parts. The first part
is the Frame Detection/Coarse Timing, which decides when a packet is received and gives a coarse
estimation of the timing. The Maximum-Correlation criterion is found preferable at low signal-to
noise ratios (SNR) and at high SNR the Maximum-Normalised-Correlation criterion comes out
best. The second part is the Frequency Synchronisation, which's goal is to find and correct for the
difference in carrier frequency between the transmitter and receiver. The proposed technique is
shown to achieve the Maximum Likelihood estimate and its accuracy rises with increasing SNR,
preamble length and number of receive antennas. The MIMO version of this algorithm shows a
better robustness against low delay spread than its SISO counterpart. The third part of the synchro
nisation is the Symbol Timing, which determines where to start the interpretation of the received
datastream. The accuracy of the Symbol Timing algorithm increases with increasing number of
antennas, SNR and preamble length. At a high SNR the accuracy of the algorithm reaches an irre
ducible floor.

The performance of a MIMO OFDM wireless LAN system, implementing the combination of the
above-described synchronisation algorithms, is evaluated on a statistical basis in simulations. The
system shows almost no degradation compared to a perfect synchronised system for values of delay
spread found in a typical office environment, but for higher delay spread values the synchronisation
algorithms do cause a notable degradation. Next to these simulations, the performance of the im
plementation of the synchronisation is assessed by applying it for a 3x3 broadband MIMO testbed.
Although more tests are ongoing, all performed tests so far show good results.



II Synchronisation of Multiple-Input Multiple-Output OFDM

From all the results presented in this thesis, it can be concluded that in general the proposed low
complexity synchronisation techniques for MIMO OFDM show similar or better performance than
their SISO OFDM counterparts and that their implementation gives rise to only a small degradation
in performance.
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1 Introduction

It is well known that the penetration rates of both mobile phones and Internet enabled computers
are high and still growing rapidly. In most western European countries both are well above 50%.
The convergence of the cellular telephony and the Internet towards mobile multimedia fuels re
search and development activities in the international telecommunications industry.

Future systems will combine both mobility and access to multimedia via the Internet. Third genera
tion (3G) systems combining these two, are currently rolled out across the globe. These kind of
systems will be able to support data rates of maximum 2 Mbit/s. First applications will include web
browsing and electronic mail (e-mail), but future applications will also include services like video
on demand and video conferencing, which will use large network bandwidths. To enable these ser
vices, transmission rates will have to be increased.

In parallel to the roll out of 3G networks, the use of wireless local area network (WLAN) for local
coverage in office building is rapidly increasing. The success of WLAN grounds in both the easy
and flexible deployment of these kind of systems, which do not require any wire. This provides the
employees the possibility of changing workplace by simply moving their laptop. Current WLAN
standards are able to support data rates up to 54 Mbit/s.

Next to the office, the university campus is another promising application area for WLAN systems.
For instance, since 1997 all first year students of the Eindhoven University of Technology (TU/e)
are offered to purchase a by the university subsidised laptop. Recently the Faculty of Electrical En
gineering introduced a WLAN network, named "Wireless Classroom". This network enables the
student to download study material during lectures and have interaction with the teacher using their
notebooks. The deployment of such a WLAN system is much more cost efficient, than placing a
network connection at every seat in every lecture room.

Currently many mobile operators are starting to consider the possibility of combining WLAN sys
tems with cellular systems like GSM or 3G systems. The WLAN systems would be used in hot
spots, i.e. areas, where users' demand of bandwidth is particularly high. Examples of these hot
spots are airports, train stations, business hotels and shopping centres. A combination of these sys
tems into one network will require intersystem handovers and terminals supporting multiple stan
dards.

The above considerations justify research into new broadband wireless communication systems. As
already mentioned higher bit rates will be required for future systems. The well-know potential
spectral efficiency enhancement of Multiple-Input Multiple-Output (MIMO) techniques is regarded
as one of the most promising ways to increase the data rate in the limited spectrum that is currently
available for wireless multimedia. Combining MIMO with the multicarrier modulation technique
Orthogonal Frequency Division Multiplexing (OFDM) results in a system that also will be robust
against frequency selective fading and narrowband interference.

1.1 MUltiple-Input MUltiple-Output OFDM
Basically, the spectral efficiency ofMIMO is achieved by transmitting different signals on different
transmit antennas simultaneously, using the same carrier frequency. The parallel streams of data
mix up in the air, but they can be recovered at the receiver, provided good conditions of the com
munication channel (i.e. sufficiently rich multipath scattering), by using advanced signal processing
algorithms. These algorithms usually require multiple receive antennas, to ensure adequate bit
error-rate (BER) performance ([12], [13], [46], [61]).
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OFDM is a special case of multicarrier transmission, where a single datastream is transmitted over
a number of lower rate subcarriers, making it less vulnerable for frequency selective fading and
narrowband interference. Compared to conventional multicarrier systems, OFDM achieves a rela
tive high spectral efficiency because of the compactly packed, yet orthogonal subcarriers. ([41]).

Currently, numerous MIMO OFDM techniques are proposed in literature for the use in radio com
munication systems. These can be split up into two sorts: Algorithms combining OFDM with
Space Division Multiplexing (SDM) and algorithms combining OFDM with Space Time Coding
(STC) or Space Frequency Coding (SFC). Examples of the first can be found in [43] and [66], and
of the second in [4], [5], [25] and [59]. The combination ofMIMO and OFDM has also been pro
posed for standardisation in the IEEE 802.16 standard for fixed wireless access [19].

In the algorithm development, the influence of system imperfections is generally neglected. This
means synchronisation of the system is assumed perfect, thus signal impairments caused by the
radio system (frequency offset, timing offset, etc.) are not considered. The synchronisation of
MIMO OFDM systems is until now only treated in few publications and thus covers many open
research topics.

1.2 Synchronisation
Synchronisation in both the time and frequency domain has to be carried out in any digital commu
nication system, to have a good reception of the incoming signal. First, both the start of the packet
and the best symbol timing, which minimises the effects of inter-symbol-interference (lSI) due to
the multipath, have to be found. Second, the transmitter and the receiver have to use the same car
rier frequencies; otherwise good reception is not possible. The difference in frequency between the
receiver oscillator and the carrier of the received signal has to be estimated and corrected for. This
is especially critical in an OFDM system, since a small amount of frequency offset already intro
duces a considerable amount of inter-carrier-interference (lCI), because the orthogonality between
the subcarriers is lost.

Synchronisation techniques for OFDM systems can be split into two groups: data- or pilot-aided
synchronisation techniques and blind synchronisation techniques. The former group uses known
data structures that are part of the OFDM packet or symbol. In the data-aided case the packet con
tains a number of known data symbols. The packet for instance starts with a known preamble,
which is followed by the data. In the pilot-aided case known pilot tones are inserted into the OFDM
symbol. The disadvantage of both techniques is of course that they introduce an amount of over
head, and thus decrease the effective data rate.

The second group of techniques uses the inherent characteristics of the OFDM signal, instead of
adding extra overhead information. It is called blind, because no extra overhead is added to the
OFDM data symbols. These techniques for instance use the repetition of a part of the OFDM sym
bol, due to the cyclic prefix. Another possibility is to use both the orthogonality constraint as the
fact that some subcarriers are not used for the transmission of data. By measuring the amount of
ICI in these so-called virtual subcarriers the amount of frequency offset can be calculated. The dis
advantage of these techniques is that they need averaging over several OFDM symbols to achieve a
reasonable accurate synchronisation.

In packet transmissions, like in WLAN systems, another distinction between synchronisation algo
rithms can be made, based on the function of the synchronisation: Acquisition or initial synchroni
sation and tracking. The former denotes the synchronisation prior to the reception of the data
packet and the second denotes correction of the synchronisation during the reception of a data
packet.
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Since good reception of the signal is only possible after initial synchronisation, all time used for
this acquisition can be regarded as overhead, decreasing the actual data rate. This means the acqui
sition has to be done rapidly, which makes the use of blind synchronisation algorithms not prefer
able, since they need averaging over multiple symbols. In most cases data-aided synchronisation,
using a preamble, is applied for initial synchronisation. For tracking the use of blind synchro
nisation techniques forms a good option, since these algorithms introduce no overhead. Further
more, during tracking the impairments change slowly enough to allow averaging over a several
symbols, before making a correction.

1.3 Related work
A significantly amount of publications is dedicated to synchronisation of digital communication
systems. A good overview of synchronisation techniques proposed over the years is found in [30].

The synchronisation of OFDM systems is also treated in a large number of publications. A good
overview is given in [21]. The effects of frequency offset and timing offset on an OFDM system
are evaluated among others in [33], [44] and a good overview of these effects is given in both [41]
and [62].

A number of papers treats data-aided initial synchronisation or acquisition, using a preamble of
known OFDM symbols. The combination of a preamble consisting of a repeated OFDM symbol
and an algorithm for frequency synchronisation is proposed in [33]. This technique is extended in
[52] to achieve a higher acquisition range. It also recommends a time synchronisation algorithm.
Improvements on the techniques proposed in [52] are suggested in [22] and [37] to achieve higher
accuracy and in [28] to achieve a shorter preamble. In [34] the performance of different algorithms
for frame timing are compared, using the in [52] proposed preamble. Another frame and frequency
synchronisation algorithm for OFDM using a preamble consisting of two OFDM symbols is propo
sed in [23].

Frequency synchronisation is proposed in [24], using a preamble consisting of single carrier train
ings data, instead of OFDM symbols. Synchronisation based on the insertion of pilots subcarriers
in the OFDM symbols is among others proposed in [6] and [53].

Next to these data-aided synchronisation algorithms, many blind synchronisation algorithms are
proposed. In [2] a frame synchronisation algorithm is proposed using the repetition in the OFDM
symbol due to the cyclic prefix. This is expanded in [3] and [51] to also estimate the frequency off
set. The limits of the use of the cyclic prefix for synchronisation are given in [29]. The use of the
virtual subcarriers for the synchronisation of an OFDM system is proposed among others in [26].

Until this moment, few publications are dedicated to the synchronisation of MIMO OFDM sys
tems. Blind synchronisation methods are proposed in [27] and [58], both using virtual subcarriers.
[32] proposes a data-aided synchronisation algorithm based on a preamble consisting of orthogonal
codes.

1.4 Target application
One of the target areas we think will benefit from the research presented in this thesis is the area of
the wireless local area networks (WLANs). Since the beginning of the nineties, WLANs for the
900-MHz, 2.4-GHz and 5-GHz ISM (Industrial, Scientific and Medical) bands have been available,
based on a range of proprietary techniques [41]. In June 1997 the Institute of Electrical and Elec
tronics Engineers (IEEE) approved an international interoperability standard, called IEEE 802.11.
This standard specifies a number of Medium Access Control (MAC) procedures and three different
Physical Layers (PRY). Two of these PRYs are radio-based and use the 2.4-GHz band and the
other PRY uses infrared light. All PRYs support a data rate of 1 Mbps and optionally 2 Mbps [40].
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User demand for higher bit rates and the international availability of the 2.4-GHz band has spurred
the development of a higher speed extension to the 802.11 standard. In July 1998, a proposal was
selected for standardisation, which describes a PRY providing a basic rate of 11 Mbps and a fall
back rate of 5.5 Mbps. This PRY can be seen as a fourth option (802.11b), to be used in conjunc
tion with the MAC that is already standardised. Practical products, however, generally support both
the high-speed 11 and 5.5 Mbit/s rate modes as well as the 1 and 2 Mbps modes. A product based
on this IEEE 802.11 standard is Orinoco™ of Agere Systems (see http://www.orinoco
wireless.com). The modem, which is implemented as PC card, is shown in Fig. 1.1.

Fig. 1.1: An IEEE 802.11 wireless LAN PC card.

Since January 1997, in the United States 300 MHz in the 5-GHz band came available for the use of
a new category of unlicensed equipment called Unlicensed National Information Infrastructure
(UNll) devices. In July 1998, the IEEE 802.11 standardisation group selected Orthogonal Fre
quency Division Multiplexing (OFDM) as transmission technique for the recently available spec
trum in the 5-GHz band. This adds a fifth PRY option to the 802.11 standard (802.11a), with data
rates ranging from 6 up to 54 Mbps ([18], [39] and [40]). In the beginning of 2002 a sixth PRY
option (802.11g) has been added, which applies OFDM in the 2.4-GHz ISM band, expanding the
possible data rates in this band up to 54 Mbps.

Besides IEEE 802.11, two other standardisation groups were formed. In Europe, the European
Telecommunication Standards Institute formed the standardisation group Broadband Radio Access
Networks (ETSI BRAN) and in Japan equipment manufacturers, service providers and the Ministry
of Post and Telecommunications are co-operating in the Multimedia Mobile Access Communica
tion (MMAC) project. ETSI BRAN standardised an extensions on RYPERLAN type 1 standard:
HlPERLAN/2 [11], a wireless indoor LAN with a Quality of Service provision. The MMAC pro
ject defined new wireless standards similar to those of IEEE 802.11 and ETSI BRAN. Addition
ally, MMAC is also looking into the possibility for ultra-high-speed wireless indoor LANs support
ing large-volume data transmission at speeds up to 156 Mbps using frequencies in the 30- to 300
GHz band [31].

Following the IEEE 802.11 selection of OFDM as basis for transmission in the 5-GHz band, ETSI
BRAN and MMAC also adopted OFDM for their physical layer standards. The three standardisa
tion groups have worked in close co-operation since then to make sure that differences among the
various standards are kept to a minimum, thereby enabling the manufacturing of equipment that
can be used world-wide. So, since there is a lot of effort going on to adopt OFDM as a world-wide
standard for Wireless LANs, the research to next generation WLANs with even higher data rates,
but based on these OFDM standards, is a logical consequence.

1.5 Framework and Objectives M.Sc. Project
The topic of this thesis is the synchronisation of a Multiple-Input Multiple-Output OFDM-based
wireless communication system. The work for this thesis was carried out under the framework of
the BreedBand BraBant (B4) Broadband Radio@hand project, a Dutch cooperative research pro-
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gram between Philips Research, KPN Research, Agere Systems and TV/e. This project was carried
out at and funded by the Network and Entertainment Division (NED), previously known as Wire
less Communications and Networking Division (WCND), of Agere Systems in Nieuwegein, the
Netherlands.

The emphasis of this Master of Science project was on the synchronisation of a MIMO OFDM ra
dio link. The objectives were to propose and evaluate time efficient synchronisation algorithms and
to find the influence of errors in the synchronisation on the performance of a MIMO OFDM sys
tem.

1.6 Organisation of the thesis
This thesis consists of 7 chapters, which cover time and frequency synchronisation of a Multiple
Input Multiple-Output (MIMO) Orthogonal Frequency Division Multiplexing (OFDM) system.
Chapter 2 explains the basics of the two main techniques that are applied in the system that is re
garded in this thesis, being MIMO and OFDM. The influence of timing offset and frequency offset
on the performance of a MIMO OFDM system is assessed in Chapter 3, first theoretically and then
by bit-error-rate (BER) simulations. Furthermore, the optimal symbol timing for an OFDM system
is expanded to be applicable in a multiple antenna system. Preamble structures and techniques de
veloped in this project for synchronisation of the system in both the time and frequency domain are
discussed in Chapter 4. A theoretical evaluation of the performance of the frequency synchronisa
tion algorithm is given in this chapter. A further evaluation of performance of the synchronisation
algorithms is given in Chapter 5, where simulation results are presented. Also the performance of a
system applying the combination of proposed synchronisation techniques is evaluated. Chapter 6
reports the results of applying the algorithms in a real-life test system. The TRIO (TRiple Input
Output) broadband NIIMO testbed of Agere Systems in Nieuwegein is used for this purpose. In
Chapter 7, finally, conclusions are drawn and recommendations are given.
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2.1 Introduction
The system analysed in this report applies two main techniques, namely Multiple-Input Multiple
Output (MIMO) and Orthogonal Frequency Division Multiplexing (OFDM). The former is also
known as Space Division Multiplexing (SDM) and uses multiple antennas at both the transmitter
and the receiver. The transmit (TX) antennas simultaneously send different streams of data at the
same carrier frequency, which add up in the air and are separated at the receiver. The latter is a
multicarrier system using partly overlapping subchannels, with specific orthogonality constraints.
Section 2.2 explains the basics of MIMO and Section 2.3 gives a short introduction into OFDM.
Finally, in Section 2.4 a short description of the proposed combined system is given.

2.2 Multiple-Input Multiple-Output (MIMO)
The capacity of wireless communication systems can be increased by exploiting the spatial dimen
sions by using multiple antennas at both the transmitter as the receiver, as already stated in Chapter
1. The antennas transmit simultaneously several streams of data at the same carrier frequency. The
signals mix up in the air. However, these mixed up parallel streams of data can be separated at the
receiver, if there exists a rich scattering environment and the different paths are independent [12].
This type of transmission is called MIMO or Space Division Multiplexing (SDM). A system using
this technique will further be referred to as MIMO system. In Fig. 2.1, the physical model of a
MIMO system is depicted. In this section, a brief theoretical introduction into MIMO systems will
be given.

s Serial
to S2

parallel

SN,

H
r------, XN

r
1--------'

~

s

Fig. 2.1: The physical model ofa MIMO system.

2.2.1 Channel and System model
A communication system consisting of Nt transmit (TX) and Nr receive (RX) branches is consi
dered, which exploits the spatial dimension by using MIMO. The system is depicted in Fig. 2.1.
Further, we will use the notation MxNr to signify a configuration with Nt transmit antennas and Nr

receive antennas. The system operates in an environment that is assumed to have Rayleigh flat
fading.

Channel model
A channel is said to be a Rayleigh fading channel when the channel impulse response is modelled
as a zero-mean complex-valued Gaussian process [45]. In this case, the envelope of the channel
impulse response at any time instant has a Rayleigh probability distribution and the phase is uni
formly distributed in the interval [O,21t[. This can be shown, as done previously in [64]. Suppose
the channel impulse response h is modelled as a zero-mean complex Gaussian variable, like:
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h= A+ jB,
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(2.1)

where A and B are zero-mean, statistically independent, real, identically Gaussian-distributed vari
ables each having a variance (j2/2. The variance of the complex Gaussian variable h can be shown
to be [1]:

var(h) =E{ (h-E(h)Xh-E(h))*}

=E{lhl2 -h'E(h)- hE(h')+ IE(hf }= E{lhl2-IE(hf}

=E{lhI2 }_ E{h}2 = E{A2+ B2}= E{A2}+ E{B2}= (j2,

(2.2)

where E(x) denotes the expected value of x and x' denotes the complex conjugate of x. Then, in
order to find the distribution of the envelope a new variable is introduced:

(2.3)

From the analysis of [45] it follows that Y is chi-square-distributed with two degrees of freedom.
Hence, the probability density function (pdt) of Y is given by:

( ) _ 1 _y/a2 0py y - -2e , y ~ .(j (2.4)

Now, suppose a random variable R is defined to denote the envelope of the channel impulse re
sponse:

(2.5)

In order to find the pdf of R, a change of variables has to been made in the cumulative distribution
function (edt) of Y (given by Fy(y)), to first find the cdf ofR:

where the fact is used that r ~ O. Then the pdf ofR is given by:

d () d (2) ( 2) 2r _r
2

/ a
2

PR(r)=-FR r =-Fy r =2r o py r =-2e ,
dr dr (j

(2.6)

(2.7)

which equals the pdf of a Rayleigh-distributed random variable, thus the envelope of h has a
Rayleigh probability distribution. The uniform distribution of the phase of h in the interval [O,2n[
can be seen intuitively.

Now the channel characteristics are specified, the system model can be introduced. Fig. 2.1 shows
a MIMO system with Nt transmitter antennas and Nr receiver antennas. s represents the coded and
modulated bitstream that is split up into Mparallel streams, which are transmitted into the MlMO
channel using the Nt transmit antennas. At the receiver the TX signal is recovered out of the Nr par
allel streams x, which are decoded and demodulated. We assume a discrete-time complex base
band model for a single user link.
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The signal model for a MIMO single-carrier system with flat fading is well known. It will be
shown in Section 2.4 that the signal model for a multi-carrier system that uses OFDM in a multi
path fading environment has the same form.

System model
In the single carrier case, the channel can be regarded as flat fading (i.e., a channel which passes all
spectral components with approximately equal gain and linear phase) when the delay-spread is
much smaller than the symbol period. The analogy in the frequency domain is when the used
bandwidth is smaller than the coherence bandwidth. The systems equation, at sample time i, for the
system shown in Fig. 2.1, is then given by:

x[i] = Hs[i] + n[i] , (2.8)

where H is a NrxNt complex propagation matrix, whose (k,l)-th entry denotes the complex gain
from transmit antenna k to receive antenna I. s is a Nt-dimensional (complex) transmitted signal
vector, and x is the Nr-dimensional (complex) received signal vector. The Nr-dimensional vector n
represents additive receiver noise.

The vector s is assumed to have zero-mean, uncorrelated random variables with a variance equal to
a-/. The total average transmit power (i.e., E[SHSD is assumed to be Pr. Thus, the covariance matrix
of s[i], at sample time i, equals:

(2.9)

where xH denotes the conjugate or hermitian transpose of a vector or matrix x and the matrix I with
subscript Nt represents the identity matrix with dimension Nt. Note that the total transmitted power
is fixed at Prand does not depend on the number of transmit antennas.

As mentioned before, H denotes the channel matrix. It is assumed the channel matrix H has inde
pendent and identically distributed (Li.d.), zero-mean, complex Gaussian, unit variance entries (the
variance of each entry is 0/ = 1). In other words, each component has a Rayleigh distribution with
0

2
= 0/ = 1. Thus, the system operates in a Rayleigh flat-fading environment, as described before

in this section.

The additive receiver noise vector n[11 is assumed to have zero-mean, uncorrelated random vari
ables with variance on2 and spatial covariance matrix equal to:

(2.10)

Furthermore, it is assumed that the vectors sand n are independent and thus the following holds:
E[snH

] = O. Using the above-described assumptions about the power of the signal and the noise, the
expected signal-to-noise ratio (SNR) over the ensemble of all possible realisations for the n-th re
ceiver antenna, i.e. the SNR for the n-th component of x, can be found and is equal to:

(2.11 )

where Es represents the signal power per receive antenna and No denotes the noise power per re
ceive antenna. Pn is assumed identical for all Nr receive antennas and can thus be written as p.
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2.2.2 Zero Forcing Algorithm
In literature many techniques for MIMO processing have been and are still being proposed. An
overview and evaluation of a number of these techniques is given in [64] and [65]. In this report we
will only treat the Zero Forcing (ZF) algorithm, since the purpose of this work is evaluation of dif
ferent synchronisation algorithms and not an evaluation of MIMO algorithms. Although ZF is not
the algorithm with the best bit-error-rate (BER) perfonnance [64], it is the one giving most insight
in the MIMO processing and it has low computational complexity. Furthennore, many other
MIMO algorithms are based upon ZF.

The ZF algorithm is based on the conventional adaptive antenna array (AAA) technique, which is
linear combinatorial nulling [63]. In this technique, each substream is in tum considered to be the
desired signal, and the remaining data streams are considered as "interferers". Nulling the interfer
ers is by linearly weighting the received signals so the interferers are cancelled out. Nulling of the
interferers in the ZF algorithm can be done by choosing weight vectors d i (with i = 1,2, ... , M) such
that:

jotd

j = i,
(2.12)

where T stands for the transpose of a vector or matrix and hj denotes the j-th column of the channel
matrix H. A closer look reveals, that solving the weight vectors is equal to finding a matrix D, such
that:

D·H=I, (2.13)

where D is a matrix that represents the linear processing in the receiver. The i-th gain row of D is
equal to the transpose of the i-th weight vector d i and I is the identity matrix. So, by forcing the
"interferers" to zero, each desired element of S can be estimated. If H is not square, D equals the
pseudo-inverse ofH:

(2.14)

where + denotes the pseudo inverse. In order for the pseudo-inverse to exist, Mmust be less than or
equal to Nr, because for M larger than Nr, HHH is singular and its inverse cannot be calculated [55].
In order for the inverse to be computable, the columns of H must be independent. Regarding the
i.i.d. assumption of the elements of H, independency is usually an approximation, which is justifi
able if the antenna spacing is chosen equal to or larger than )J2, where A represents the wavelength
of the transmission frequency, and if the system operates in a richly scattered environment. Such a
environment can be modeled by Rayleigh flat-fading [13]. Thus for Nr ~ M and if the inverse of
HHH exists, the estimates of s (given by Sest) can be found by:

Using expression (2.15), Sest,i, the i-th component ofsesb can be written as:

Sest,i =H7x,

(2.15)

(2.16)

where Wi denotes the i-th row ofW, which is equal to the transpose of the i-th weight vector d j , as
shown in (2.12). Now Sest,i can be sliced to the nearest constellation point in the Quadrature Ampli-
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tude Modulation (QAM) or Phase Shift Keying (PSK) modulation. The sliced signals are denoted

by S, as depicted in Fig. 2.1. [n this way, all Nt elements of s can be decoded at the receiver.

In Chapter 3 ZF is used as MIMO algorithm, to show the influence of timing and frequency offset.
In Chapter 5 the different synchronisation algorithms are evaluated using the results from simula
tions and measurements. Among others, the BER-performance is calculated to do this evaluation.
[n the simulations used to calculate the BER-curves ZF is used as MIMO algorithm. A theoretical
representation of BER performance for a system using ZF is derived in [64], but not further treated
in this thesis.

2.3 Orthogonal Frequency Division Multiplexing (OFDM)
In classical parallel data systems, the total signal frequency band is divided into N non-overlapping
frequency subchannels. This technique is often referred to as Frequency Division Multiplexing
(FDM). Each subchannel is modulated with a separate symbol and then the N subchannels are fre
quency multiplexed. Spectral overlap is avoided by guard space between adjacent subchannels,
which eliminates inter-channel-interference (lCI). This method, however, leads to a very inefficient
use of the available spectrum. A more efficient use of bandwidth can be obtained with a parallel
system if the spectra of the individual subchannels are permitted to partly overlap, with specific
orthogonality constraints imposed to facilitate separation of the subchannels at the receiver.

More and more systems that operate in the Giga-Hertz bands are being based on multicarrier sys
tems, like wireless LANs ([11] and [18]), Digital Video Broadcasting (DVB) [10] and Digital Au
dio Broadcasting (DAB) [57]. Fig. 2.2 shows the general structure of a multicarrier system [54].
The data stream dn is converted to parallel data streams, which are modulated onto separate sub
channels and these are summed and transmitted. At the receiver the different subchannels are down
converted to parallel baseband signals and then concatenated to a serial data stream.

e -}0>ol

Serial
to

Parallel
Converter

Parallel
to-

e-}OJN_,t Serial

Converter

Fig. 2.2: Basic structure ofa multicarrier system.

Orthogonal Frequency Division Multiplexing (OFDM) is an example of a multicarrier technique
that operates with specific orthogonality constraints. Although OFDM has been around for many
years [60], it has only recently been recognised as an outstanding method for high speed, bi
directional wireless data communication. This is also driven by the fact, that its implementation is
much easier now, due to the current chip technologies. In this section the basics of OFDM will be
explained.

2.3.1 The principle
The basic principle of OFDM is to split a high-rate data stream into a number of lower-rate
streams, which are transmitted simultaneously over a number of subcarriers or subchannels. Since
the subcarrier time pulse is chosen to be rectangular, the task of pulse forming and modulation can
be performed by a Discrete Fourier Transform (DFT). This results in a remarkable reduction of
equipment complexity. The multicarrier data signal is effectively the inverse Fourier transform of
the original data stream and thus a bank of demodulators are effectively performing a Fourier trans
form. Note that the (Inverse) Discrete Fourier Transform ((I)DFT) can be implemented very effi
ciently as a(n) (Inverse) Fast Fourier Transform ((I)FFT).
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The basic structure of a muIticarrier system is depicted in Fig. 2.2. The transmitted wave that is
feed into the channel can be described as:

N-l

s(t) = IdkeJ(f)k l
,

k=O
(2.17)

where dk is a complex data symbol sequence, which can be written as ak +jbk (where ak represents
the in-phase and bk the quadrature real component). Expression (2.17) represents applying the In
verse Fourier Transform (1FT) to the data sequence.

As we are considering a digital system in this report, it is useful to regard the discrete case, in
which the Inverse Discrete Fourier Transform (IDFT) is preformed on the data sequence d= (do, dJ,
... , dN- 1), the result is a vector s, given by:

N-l N-l

s[i] =IdkeJ[2nkil N] =Idke
J [2;'ifk l;l for 0 ~ i ~ N -1,

k=O k=O
(2.18)

where s[i] denotes the transmitted signal on sample time i, N is the number of subcarriers and dk

denotes the symbol that modulates the k-th carrier. And where:

(2.19)

and Ts = 1 / Is represents the sample duration (where Is is the symbol rate) and /).p denotes the sub
carrier spacing. Substituting t = iTs in (2.17) and using (2.19) shows that the sampled sequence
s(iTs) is in fact the IDFT of the sequence dk as shown in (2.18). Note that usually after this conver
sion the whole OFDM symbol is up converted to a specific carrier frequency in the RF band, before
it is transmitted into the channel.

Ifwe again look to the OFDM symbol time it can be noticed that the signalling interval Ts has been
increased to NTs, which makes the system less susceptible to delay spread impairments. Note that
the act of truncating the rectangular signal to the interval (0, NT's) in the time domain imposes a
sinc(x) frequency response on each subchannel with zeros at multiples of lITFFT = liNTs, which is
the orthogonality principle ofOFDM, as sketched in Fig. 2.3.

liT

Fig. 2.3: Spectra ofindividual subcarriers.
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At the receiver, the transmitted signals are recovered using the Discrete Fourier Transform. How
ever, due to multipath distortion, the recovering of the transmitted signals brings some problems
along.

2.3.2 Multipath Distortion
The reason why the information transmitted over the carriers can still be separated at the receiver is
the so-called orthogonality relation giving OFDM its name. By using an IFFT for modulation, the
spacing of the subcarriers is implicitly chosen in such a way, that at the frequencies where the re
ceived signals are evaluated (indicated as arrows in Fig. 2.3), all other signals are zero. In order for
this orthogonality to be preserved the following must be true [54]:

1. The receiver and the transmitter must be perfectly synchronised. This means they both must
assume exactly the same modulation frequency and the same time-scale for transmission
(which usually is not the case).

2. The analogue components, part of transmitter and receiver, must be of very high quality.
3. There should be no multipath channel.

Unfortunately multipath distortion is (almost) unavoidable in radio communication systems and,
thus, the received signal is affected. It is shown in [40] that the truncated subchannel sinusoids are
delayed by differing amounts (i.e. channel delays), however, the distortion is mainly concentrated
at the on-off transmissions ofthese waveforms. Hence a guard time and cyclic prefix (consisting of
a modest increase in the signal duration) that are chosen longer than the maximal delay spread, will
eliminate most interference among subchannels (inter-carrier-interference (ICI)) and between adja
cent transmission blocks (inter-symbol-interference (lSI)). ICI means crosstalk between subcarri
ers, which means they are no longer orthogonal.

The smoothing of the on-off transitions, to avoid out of band radiation, can be implemented, e.g.,
by windowing each OFDM symbol by a raised cosine window ([41]). Fig. 2.4 depicts schemati
cally the implementation of the cyclic prefix and the windowing in an OFDM symbol.

T=TrFT+Ta
• •
1'prefix TFFT Tpostfix.. ... ... •

/ X X ~...---....
fJT

Fig. 2.4: OFDM cyclic extension and windowing.

The validity of windowing each OFDM symbol by a raised cosine can be explained by looking to
the shapes ofthe subchannel sinusoids after the multipath-fading channel. An OFDM receiver uses
only a part of this signal to calculate the FFT. In the FFT interval TFFT> every subcarrier has an in
teger number of cycles, which ensures orthogonality. In the multipath-fading channel, the receiver
input signal will be a sum of delayed and scaled replicas of the transmitted subcarriers [40] (see
Fig. 2.5, [40]). Note that a sum of scaled and delayed sinusoids is again a sinusoid. So, as long as
the Guard Interval (GI) time TG is larger than the maximal channel delay there will still be an inte
ger number of cycles within the FFT interval for each multipath component and all reflections of
previous symbols are removed and the orthogonality is preserved.

So, thanks to the cyclic prefix and guard time, the wideband multipath fading is experienced in
OFDM as a set of narrowband fading subcarriers without ICI and lSI. The only remaining effect of
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multipath is a random phase and amplitude of each subcarrier. This effect can be minimised by
adapting the subcarriers of the received signal with channel estimates per subcarrier, which can be
obtained during a training phase. The only problem are the subcarriers in deep fades, in order to
deal with these weak subcarriers that have a large probability to be decoded wrong, forward error
correction across the subcarriers is applied.

DataDataGI

CYclicexte~

I I '-1----'1

Subcarrier f 1 I .~ ~
:~ ~I
: ./"....' ./".... ~ I

f2IJ~~~
I I I

f 3 1\ A Y\ A /\ /\4
: \TV; ~V\..ll

f 4 i"J\PM'\PvI\v'\Pv'\/'J
I I 1
I I___,~I I~__,.... _

Direct path
signal

Multi path
delayed signals

Optimum FFT window
I I

Fig. 2.5: An OFDM symbol with cyclic extension.

2.3.3 Bandwidth Efficiency
From Fig. 2.3 it becomes obvious that the spectrums of the subcarriers are not separated but over
lap. Due to this overlapping, the bandwidth is much more efficiently used than in the classical mu1
ticarrier systems. Theoretically, M-ary digital modulation schemes using OFDM can achieve
bandwidth efficiency, defined as bit rate per unit of bandwidth, of log2M bits/sIHz [7]. Given the
symbol rate of the serial data stream is liT,,, the bit rate for a corresponding M-ary system is Rb =

10g2M/ Ts, however, in case a guard time is added, the effective bit rate is equal to:

T NT
R = FFT log M / T = Slog M / T

b T T 2 s T NT 2 s'
G + FFT G + s

(2.20)

The Nyquist bandwidth of a subchannel is !1F • Thus, the total bandwidth of the OFDM system is:

(2.21 )

Therefore, the bandwidth efficiency becomes:

R TfJ = _b = FFT log2 M .
B TG +TFFT

(2.22)

For an optimal system without guard time (i.e., TG = 0), the bandwidth efficiency becomes f3 =

log2M bits/sIHz. However, as follows from Section 2.3.2, the guard time is inserted in order to
make the system more robust against multipath distortion, so a practical system will not achieve
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this optimal bandwidth efficiency. Furthermore, in reality, it is impossible to make an ideal band
pass filter, so in order to pass all subcarriers, the bandwidth B will be larger, which implies another
decrease in bandwidth efficiency.

2.3.4 Main advantages of OFDM
As mentioned before, one of the main reasons to use OFDM is its capability to deal with large de
lay spreads. In [41] the implementation complexity of an OFDM system is compared with a single
carrier system that is designed to deal with the same amount of delay spread. It is concluded that
the OFDM system is less complex. This is due to the fact that single carrier systems need complex
equalizers and OFDM only needs a less complex (I)FFT system.

The other advantage of OFDM over single carrier systems with equalizers is that for the latter sys
tems, the performance degrades abruptly if the delay spread exceeds the value for which the equa
lizers are designed. Because of error propagation, the raw bit error probability increases so quickly
that introducing lower rate coding or a lower constellation size does not significantly improve the
delay spread robustness. For OFDM, however, there are no such non-linear effects as error propa
gation, and coding and lower constellation sizes can be employed to provide fallback rates that are
significantly more robust against delay spread. This is an important consideration, as it enhances
the coverage area and avoids the situation that users in bad spots cannot get any connection at all.

2.3.5 OFDM Transceiver
The general block diagram of the baseband processing of an OFDM transceiver is shown in
Fig. 2.6 [40]. The diagram will be briefly explained following the datastream from transmitter to
receiver. In the transmitter, a convolutional encoder first encodes the binary input data. After inter
leaving, the binary values are mapped on Quadrature Amplitude Modulation (QAM) values. In or
der to correct the signal in the receiver for a possible phase drift, pilot carriers are introduced. In the
Serial to Parallel block, the serial QAM input symbol-stream is converted to a parallel stream with
width equal to the number of subcarriers. These parallel symbols are modulated onto the subcarri
ers by applying the Inverse Fast Fourier Transform. Note that in order to get an output spectrum
with a relative low out-of-band radiation, the size of the IFFT can be chosen larger than the number
of subcarriers that is actually used to transmit the data. After the IFFT block, the parallel output is
converted back to serial. To make the system robust to multipath propagation (see Section 2.3.2), a
cyclic prefix is added. Further, windowing is applied to get a narrower output spectrum. After this
step, the digital output signals are converted to analogue signals. These analogue signals are then
upconverted to the RF band, amplified and transmitted through an antenna.

Binary ,----,
input
data

Fig. 2.6: Block diagram ofan OFDM transceiver.

I/Q output
signals

Frequency
corrected
input signal
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The receiver basically perfonns the reverse operations of the transmitter, as is shown in Fig. 2.6.
First the RF signals are down converted to digital baseband signals. By interpretation of the trans
mitted preamble the time and frequency synchronisation can be perfonned. The cyclic prefix is re
moved and a FFT is perfonned on the signal. Then the signal is corrected for the channel, which is
possible because the receiver trained for the channel using the preamble. Finally the original signal
is recovered by demapping the QAM or PSK constellation points, deinterleaved and decoded. The
work in this thesis is mainly focused on the implementation of the "Timing and Frequency Syn
chronisation"-block.

2.4 MIMO OFDM System
In the previous two sections the basics of both MIMO and OFDM are described. This section will
provide a short description of the system combining these two techniques, which among others is
proposed in [8]. We will also derive the system model, to facilitate the theoretical derivations in the
next chapters.

2.4.1 MIMO OFDM Transceiver
In order to combine MIMO with OFDM, a MIMO algorithm has to be perfonned for each subcar
rier. If the transmitter consists ofMtransmit antennas, then every subcarrier carries "Nt datastreams.
At the Nr receive antennas, the subcarrier infonnation is separated by using FFTs, after removal of
the cyclic prefix. After that the N r infonnation symbols belonging to the i-th subcarrier are routed
to the i-th MIMO decoder where the transmitted data signals (d1,;, ••• , dN"i) are recovered. These data

signals are multiplexed, after which the demapping, deinterleaving, depuncturing and the decoding
are perfonned. This leads to the configuration of the receiver as shown in Fig. 2.7 where NMIMO
decoders are introduced for the processing of the N subcarriers.

Demapping
Deinterleaving
Depuncturing

Decoding

Binary r-------,
output
data

MUX

NMIMO
Decoders

MIMO
decoder I

MIMO
decoder N

FFT

FFT

Remove
Cyclic

Extension

Remove
Cyclic

Extension

RF Receiver
1

RF Receiver
N,

Fig. 2.7: Multi-antenna receiver using OFDM

OFDM has the advantage that, if N subcarriers are used, the symbol duration is N times longer.
Thus, one MIMO processor is allowed to work N times slower than a MIMO decoder for a single
carrier system with comparable data rate as the OFDM system. Lower speed usually reduces com
plexity, thus, a single MIMO processor in the OFDM system is not as complex as the MIMO proc
essor in a single carrier system with comparable rate [64].

The multi-antenna OFDM transmitter is represented schematically in Fig. 2.8. After the data input
is coded, punctured, interleaved and mapped, the datastream is split up into Nt parallel datastreams.
Applying the IFFT now combines the subcarrier infonnation. The output of this IFFT is cyclic ex
tended, windowed and transmitted into the channel.
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Fig. 2.8: Multi-antenna transmitter using OFDM

2.4.2 System model
In Section 2.2.1 we derived the system model for a MIMO system in a flat fading environment.
Since our main interest is in MIMO OFDM, the signal model for a multiple antenna system using
OFDM is derived, as done originally in [47] and [50].

The total carrier bandwidth is divided into N subcarriers. Data block I consists ofN symbol vectors,
Ski with k = 1,2, ..,N. The N points FFT is applied to the data and then a cyclic prefix of length L
from the time signal is added. This signal is transmitted into the MIMO channel. At the receiver the
first L received data blocks are discarded, since they form the guard interval. To get the signal in
the frequency domain the N points FFT is applied, to the received data blocks. Received data block
I consists ofN symbol vectors Xkl with k = 1,2, . .. ,N. This is shown very schematic in Fig. 2.9.
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Fig. 2.9: MIMO OFDM system model.

FFT

x"

The system equation becomes:

(2.23)

where SI = vec([SI/, ""SNI]), XI = vec([XI/, ... ,XN/]), F and G are respectively the transmit IFFT

and FFT operations, given by:

(2.24)
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(2.25)

and H is expressed as aNNrx(N+L)M matrix:

(2.26)

In expression (2.24) and (2.25) eN is the (N+L)xN matrix by applying the NxN IFFT matrix eN
and adding the last L rows on top, creating the cyclic prefix, or so called guard interval. The matrix
I with subscript n represents the identity matrix with dimension n. The operator Q9 denotes the di
rect matrix product or Kronecker product [17]. The operator vec(.) is given by [17]:

(2.27)

where a], ... , aN are equal size column vectors.

"-'. '-' -
Using equation (2.24), (2.25) and (2.26) and defining H =8 N Q9 IN' H ·8N Q9 IN =

, I

diag(R p ... , RN ) to be a NNrxNNt block diagonal matrix made up from the MIMO transfer func

tion values at subcarriers (l,2, ... ,N), we can write:

Making a change ofvariables, H---+ H, Xl ---+ X, Sl---+ s, and Nl ---+ n, we get:

x=Hs+o,

whose form is identical to (2.8).

(2.28)

(2.29)

This shows the MIMO system model (2.8) can be used for both a single carrier in a flat fading en
vironment and multi carrier system in a frequency selective environment, as was shown previously
in [50]. Only the dimensions of s and x and the structure of the channel-matrix H change. It must
be noted the above model only works for delay spreads < L, because the model does not take into
account inter-symbol-interference (lSI).



3 Influence of frequency and timing offset on MIMO OFDM

3.1 Introduction
Since this work handles on synchronisation of MIMO OFDM, this chapter gives an overview of the
relevant effects of synchronisation errors in both time and frequency domain. Section 3.2 describes
the sensitivity to frequency offset. First the theoretical influence is derived and then simulation re
sults are presented to show the influence on the bit-error-rate (BER) performance. Section 3.3 pre
sents the optimal symbol timing for an OFDM system, first for a SISO system, which is expanded
in the second part of the section to be applicable to a MIMO system. Section 3.4 describes the sen
sitivity to symbol timing errors. Again the theoretical derivation of the influence is followed by
simulations results, showing the influence on the BER performance.

3.2 Sensitivity to Frequency Offset
Frequency offset in a radio system is mainly introduced by two phenomena. First, by a mismatch
between the frequencies of the local oscillators of the transmitter and the receiver, which is called
Carrier Frequency Offset (CFO). Second, by moving objects in the environment, which is referred
to as Doppler Shift. In an indoor environment with typical low speeds, the influence ofthe Doppler
shift will be low. For a speed of 5 mls and a carrier frequency of 5.2 GHz, the Doppler shift is
86.67 Hz. This is only 0.03% of the subcarrier spacing (i.e. 321.5 kHz [18]) and thus regarded neg
ligible. Since the frequency offset is thus mainly caused by the misalignment in transmitter and
receiver oscillators, it will be referred to as CFO.

In this section the influence of a frequency synchronisation error on a MIMO OFDM system is
evaluated. First a theoretical derivation of the influence on a MIMO system is done and then ex
panded to MIMO OFDM. In the second part of the section results of BER simulations show the
decrease in performance, caused by frequency offset.

3.2.1 Theoretical derivation
To find the implication of frequency offset on a MIMO OFDM system, first the influence of fre
quency offset on a MIMO single carrier (SC) system in a flat fading environment is derived. This is
then expanded to a MIMO OFDM system in a multipath-fading environment.

MIMO SC
All transmit branches in the MIMO system are assumed to have the same frequency offset com
pared to the receive branches, which is very likely since they will use the same oscillators. Mathe
matically a CFO can be accounted for by a frequency shift I:::..f and a phase offset e. The received
signal on sample time i is given by:

x[i] =H . s[i] .e j (2Jr!,.fTsi+O) + n[i] , (3.1)

where i denotes the sample number, 1;,. the sampling period and I:::..f= fcTX - fcRX the frequency offset.
All other parameters are as defined in Section 2.2.1. Ifwe assume the frequency offset as being part
of the channel, the channel transfer matrix becomes a time dependent matrix Ht[i] and is expressed
by:

If the channel is trained at sample number p, the channel estimation is given by:

H =H [p] = H .e j (2Tf4fTsp+O)
est t ,

(3.2)

(3.3)
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where it is assumed that the channel can be estimated perfectly. The pseudo-inverse of this esti
mated channel matrix is then given by:

(Hes't =(H:,Hest)-1 H:t

=((H. e j (2tr4/Tsp+(})rH .e j (2tr4/T,p+(})t(H .e j (2tr4fT,p+(})r
= e-J(2tr4/TsP+(}) (HHHrl HH = e-J(2~jT'P+(})H+,

(3.4)

where + denotes the pseudo-inverse, and H the hermitian or conjugate transpose as defined in Sec
tion 2.2.2. After compensation Zero Forcing processing with weights CHestf, the recovered signal is
given by:

s [i] =(H )+. x[i] =H+ . e - j(2tr4/Tsp+(}) • x[i]est,FO est
=H+ .e -J(2tr4/T'P+(})H, [i]s[i] + H+ .e-j (2trl:!.fTsP+(}) • n[i]

=e j2tr4tT;(i-P)s[i] +e-j (2tr417:,p+(}) • H+ .n[i].

In the case of no frequency offset, the recovered signal is given by (2.16):

Sost [i] =H;st .x[i] =H+ .x[i] =s[i] + H+ . n[i] .

(3.5)

(3.6)

This shows the effects of the frequency offset (FO) on the recovered signal Sest. First, a constant
phase shift is applied to the noise component in the estimation of the transmitted signal. This will
have no effect, since the phase shift is applied to a vector having random phase, which will again
yield a vector with random phase. Second, a time dependent phase shift is applied to the signal
component in (3.5). This will make the constellation points rotate with time, as shown in Fig. 3.1.
The rotation increases for time instances further away from the trainings instance p and for higher
values of the FO. Multiplying the recovered signal with the conjugate of the factor multiplying s[i]
in (3.5) compensates for the FO.

The time dependent phase shift implied on the signal and the noise term in (3.5) will also be found
in a SISO system, which can be considered as a special case of the MIMO system with a 1x1 con
figuration. It can thus be concluded that the sensitivity of a MIMO SC system, using Zero Forcing
(ZF) as MIMO algorithm and assuming perfect channel estimation, to frequency offset is similar to
that of a SISO SC system.

The only difference will consist be that in a MIMO system the packet length will be shorter, since
the same amount of data can be transmitted in a shorter time, because the data is transmitted in par
allel on the different transmit antennas. As the phase rotation in the estimation of transmitted sym
bol is progressive in time and thus increases with packet length, the influence of the frequency off
set on a SISO system, compared to a MIMO system transmitting the same packet, will be higher.
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Fig. 3.1: The recovered BPSK symbols (+1) of50 consecutive samples in a MIMO SC system with 4 TX,
for afrequency offset of0.63% ofthe bandwidth. The progressive rotation is

equalfor all recovered MIMO signals.

MIMO OFDM
The influence of frequency offset on a MIMO OFDM is more complicated. Fig. 3.2 illustrates that
the influence of frequency offset in an OFDM system is twofold. First the amplitude of the re
garded subcarrier is decreased, as indicated by the star. Secondly, the amplitude of the other sub
carriers is increased, causing ICI, as indicated by the circles. The output of the FFT will contain
interfering terms from all other subcarriers, with an interference power that is inversely propor
tional to the frequency spacing. The centre subcarriers experiences approximately twice as much
ICI as subcarriers at the edges of the OFDM spectrum, since they have interfering subcarriers at
both sides within a certain frequency distance.
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Fig. 3.2: Carrier frequency offset causes inter-carrier-interference (ICI) and a reduction in amplitude ofthe
desired subcarrier. The spectra ofthree individual subcarriers are depicted, which are superimposed

in the OFDM signal spectrum.
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This influence of frequency offset on a SISO OFDM system has been worked out in several publi
cations (e.g. [44], [33], [28] and [62]). Here we will shortly go into this and then expand the analy
sis to MIMO OFDM.

Section 2.3.1 shows how OFDM can be implemented by using a simple IDFT. The complex enve
lope of the OFDM signal, before addition of the guard interval and before up conversion to Radio
Frequency (RF) can be written as (2.19):

N-I . { 1< 1< Ns [i] ="d eJ[2n1<l/ N] for - - s
I ~ k,1 0 < .< N -1 '

k~ _1_
(3.7)

where SI[i] denotes the transmitted signal on sample time i within symboll, N is the number of sub
carriers used, Ns is the number of OFDM-symbols and dk,1 denotes the symbol that modulates the k
th carrier of the l-th symbol.

The influence of the frequency offset can be described by a frequency shift ~Jand a phase offset 8,
as was done for the SC case in (3.1). If we now assume the channel to be stationary during the N,
symbols, the output of the DFT at the receiver can be expressed as [33], [28]:

(3.8)

where Hk represents the influence ofthe multipath,fs is the sample frequency, T denotes the OFDM
symbol length, Wk represents the influence of the noise, and hi denotes the ICI term caused by fre
quency offset and is given by:

Sin(trl1f N J N
~ 1: J[O+2ffA/(lT+-2/-)] JlJt(m-k)/ N]

Ik,l =~dm,lHm ( s Je ' e .
::~ Nsin tr(m - k + I1f ~)/N

(3.9)

This defines the influence of FO on an OFDM system. To expand this to MIMO OFDM, the sys
tem model for a MIMO OFDM system described in Section 2.4 is used. In this system model it is
assumed that there is no frequency offset, so all subcarriers are perfect orthogonal. The system
model is then given by:

(3.10)

where XI denotes the received signal vector, 81 denotes the transmitted signal vector and N I de

notes the AWGN vector. H is a NNrxNM block diagonal matrix made up from the MIMO transfer
function values at subcarriers (1,2, . .. ,N), which is thus given by:

HI 0 0

H=
0

(3.11 )
0
~

0 0 HN
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where H k is the MIMO channel transfer function for the k-th subcarrier, as defined in Section 2.4.

As shown in Fig. 3.2, the assumption of perfect orthogonality is not valid, when frequency offset
occurs. The expressions for the influence of the frequency offset on a SISO OFDM system above
can be expanded to find the influence on a MIMO OFDM system. We have to incorporate the three
influences of frequency offset on an OFDM system: the amplitude of the desired subcarrier is de
creased and its phase is rotated and an amount of inter-carrier-interference (lCI) is introduced, as
was shown in (3.8) and (3.9). When we take into account these three influences, the MIMO OFDM
channel matrix is given by:

goH\ g\H2 gN-\HN

H=
g\H\ goH2 gN-2H N

gN-\H1 gN-2H 2 goHN

where gq denotes a complex value, which is given by:

. ( ·A.r NJsm 1rlJ.j-
JI8+2nt.f(lT+~)] f.

g =e 2f, S ell"'!/ N]

, NSin(7!"(q +df ~)/NJ

(3.12)

(3.13)

Note that gq is identical to the factor in (3.9) that multiplies the modulation value modified by the
channel transfer function, when m - k is substituted by q. When q is equal to zero, (3.13) becomes
equal to the factor in (3.8) that is multiplied with the modulation value modified by the channel
transfer function. Also note that the MIMO OFDM channel matrix in (3.12) is no longer a diagonal
block matrix.

Is we replace the MIMO transfer matrix H k in (3.12) by the complex valued H k channel response

for a 1x I system and substitute this in (3.1 0), we find back expression (3.8). This is as expected,
since a SISO OFDM system can be regarded as a special case of a MIMO OFDM system, with a
1x1 configuration.

If this channel matrix is split up into a wanted channel part and a part causing interference, as was
done implicitly in (3.8), it can be expressed as:

goH1 0 0 0 glH2 gN-IHN

H=
0 glH1 0

+
0 g\HN (3.14)

0 0 goHN gN-IHl gIHN - 1 0

=Hs +H1 ,

where HS is the signal channel matrix and Hi is the part of the channel matrix causing ICI. Note
that the signal channel matrix is again a diagonal block matrix. Substituting this in the MIMO
OFDM signal model (3.10) yields:



24 Synchronisation of Multiple-Input Multiple-Output OFDM

Xl = (H S+ Hi)SI + NI = HSS I + HiSI + NI

= HSS I +N;,
(3.15)

where HiSI denotes the ICI tenn and N; denotes the sum of the AWGN and the ICI due to the

frequency offset. Ifwe now define gAq as:

(3.16)

we get a factor that is no longer dependent of the block number I. Substituting expression (3.16)

into the expression for the MIMO OFDM channel matrix HS in (3.14) yields:

~ j[8+2~f(lT+~)1
H S =e 2is

o

o o

(3.17)

where HSA

is the channel matrix that does not contain a phase shift caused by the frequency offset.
The channel matrix is no longer dependent on the block number l. Substituting this expression in
(3.15), yields a new expression for the system model, given by:

Ifwe now train the channel within block p, Hest is given by:

~ J[2~f(pT+~)+81
H =Hs~.e 2f,

est

(3.18)

(3.19)

where it is assumed that the channel can be estimated perfectly. The pseudo-inverse of this esti
mated channel matrix is given by:

[

~ j[2:rN(PT+~)+1I1JH. HS~'e 2[,

-j[2:rIJ.f(PT+~)+1I1 ~ ~ ~ -j[2:rN(PT+~)+III(~ )+
= e 2[, «Hs~)HHS~)-I(HSA)H = e 2[, HS~,

(3.20)
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where + denotes the pseudo-inverse, as defined in Subsection 2.2.2. After Zero Forcing processing
with (Hestt, the recovered signal is given by:

( )
+ (~\+ -j[2Rt.I(pT+~)+8]

SI,est,FO = H es! . XI = H S
") • e 21s. XI

. N . N

(
~ )+ -j[2Rt.I(pT+-)+8] j[2Jr4((IT+-)+8]~

= HS" .e 21s e 2/, HS"s
I

(~ J -j[2Rt.I(pT+~)+8] ~
H s" 21s N"+·e . I

[2Rt.'(1- )T] -j[2Jr4(pT I 2~ )+8] (~ ,,)+ ~ "
=ej

• p SI+ e Js. H S .N, .

(3.21)

In the case of no frequency offset, the recovered signal is given by:

(3.22)

Ifwe compare (3.21) to (3.22) we see the influence of the frequency offset in MIMO OFDM on the
recovered signal. The estimated signal consists of two parts in both cases: first the signal part,
which is rotated progressive with the OFDM block number in (3.21), starting at a rotation of zero at
the trainings blockp. The second part in (3.21) is caused by AWGN and by interference caused by
the other subcarriers (lCI), while in (3.22) it is only caused by AWGN. Multiplying the recovered
signal with the conjugate of the factor multiplying 81 in (3.21) compensates for the rotation caused
by the FO, but the ICI part remains. However, when the FO offset is corrected before the channel
estimation, both the rotation and the ICI are removed.

The rotation of the signal is illustrated in Fig. 3.3. This figure shows an example of this rotation for
a frequency offset of 3% of the subcarrier spacing. It is depicted for the 3-th OFDM block and for
one of the recovered MIMO signals.
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Fig. 3.3: Rotation within an OFDM symbol having 25 subcarriers, all modulated with QPSK symbol
((1 +j)/ -..J2), for a frequency offset of3% ofthe subcarrier spacingfor the 3-th 0 FDM block.

The rotation a is equalfor all subcarriers, i.e. 40 degrees.



26 Synchronisation of Multiple-Input Multiple-Output OFDM

Fig. 3.4 depicts the transmitted and received constellation points for a SISO, 2x2 MIMO and 4x4
MIMO system experiencing a frequency offset of 3% of the subcarrier spacing, transmitting a
packet of 48 bytes, applying BPSK modulation. The stars denote the transmitted symbols and the
dots the received. It can be seen that the constellation points are rotated. All points of one MIMO
OFDM block experience the same rotation, where rotation is progressive with symbol number, as
was expected from expression (3.21). The SISO case shows 8 dots for every BPSK point, corre
sponding to the 8 OFDM symbolslblocks transmitted. In the MIMO case all OFDM packets trans
mitted on the same instant experience the same rotation, which equals a = 2rr.!1f(l-p)T. For the 2x2
case, for instance, we transmit 4 consecutive OFDM symbols on both antennas, resulting in four
dots for every BPSK point.
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Fig. 3.4: Constellation points for SISO, 2x2 and 4x4 MIMO OFDM system, for a packet length of48 byte,
A WGN channel, FO= 3% subcarrier spacing, BPSK modulation. The stars denote the transmitted symbols,

the dots the received

Fig. 3.5 depicts the transmitted and received constellation points for a 2x2 MIMO system experi
encing a frequency offset of respectively 1%, 2% and 5% of the subcarrier spacing, transmitting a
packet of 48 bytes, using BPSK modulation. The stars denote the transmitted symbols and the dots
the received. All plots show 4 points for every BPSK point, corresponding to the 4 consecutive
OFDM blocks as mentioned above. Again the rotation is progressive with OFDM block number, so
the points with the smallest rotation correspond to the first OFDM symbols (on both transmit an
tennas). From Fig. 3.5 it is clear that the rotation is larger for larger values of the frequency offset,
as was expected from (3.21).
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Fig. 3.5: Constellation points for a 2x2 MIMO OFDM system, for a packet length of48 byte, AWGN chan
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3.2.2 BER degradation due to Frequency Synchronisation errors
In this subsection results from simulations are reported to show the influence of frequency offset on
the performance of a MIMO OFDM system. We will show this by comparing the bit-error-rate
(BER) curves of systems that are influenced by frequency synchronisation error to those of systems
that are not. A description of the simulation parameters and the used channel model is given in Sec
tion 5.2. Some important parameters we mention here: sampling rate is = 20 MHz, guard interval
TG = 16 samples =800 ns, OFDM block duration = 80 samples =4 Ils. BPSK is used as modulation
scheme. Zero Forcing, as described in Subsection 2.2.2, is used as MIMO detection algorithm. A
channel with exponential decayed power-delay-profile (PDP) with a root-mean-squared (rms) delay
spread of 50 ns and Rayleigh fading on every tap is applied. No coding is employed.

In Fig. 3.6 to Fig. 3.9 the BER is plotted as function of the signal-to-noise ratio (SNR) per receive
antenna for a SISO, a 2x2 and a 4x4 MIMO configuration. The curves are plotted for different val
ues of frequency offset, without compensating for it. This offset is given as a percentage of the
subcarrier spacing, which equals 20'106/64 = 312.5 kHz. Only results for positive frequency offsets
are shown, since the influence of the frequency offset (FO) is not dependent the sign of the FO,
because of the symmetric nature of the OFDM spectrum. The curves are plotted for SNR values
ranging from 0 dB up to 25 dB.

Fig. 3.6 depicts the BER-curves as a function of SNR per receive antenna for a 1x1 and a 2x2 con
figuration and Fig. 3.7 for a 1x1 and a 4x4 configuration, for frequency offsets of 0%, 0.5%, 1%,
2% and 5% of the subcarrier spacing. We regard packet transmissions of 64 bytes. The perform
ance of a MIMO system is worse than that of a SISO system, when no frequency offset is present,
as already shown in [64]. For all three configurations, the frequency offset of 0.5% does not in
crease the BER significantly. For 1% FO the SISO system shows a notable degradation in BER
performance. For 2% and 5% frequency offset, the SISO system's performance is showing substan
tial BER floors. The BER-curves are very high and become flat. For the 2x2 MIMO configuration
there is a small increase in BER for a frequency offset of 1%, but the first notable increase we see
for a FO value of2%. For a value of 5% frequency offset, the BER-performance is intolerable high.
The 4x4 MIMO system does not show degradation up to FO values of 2%. For 5% frequency offset
the BER is increased, but not as much as for the SISO and 2x2 MIMO system.
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Fig. 3.6: BER performance ofa 8180 (continuous curves) and a 2x2 MIMO system (dashed curves) plotted
for different values offrequency offiet (% ofsubcarrier spacing) and a packet length of64 bytes.
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Fig. 3.7: BER performance ofa SISO (continuous curves) and a 4x4 MIMO system (dashed curves) plotted
for different values offrequency offiet (% ofsubcarrier spacing) and a packet length of64 bytes.

Fig. 3.8 depicts the BER-curves as a function of SNR per receive antenna for a 1x1 and a 2x2 con
figuration and Fig. 3.9 for a lxl and a 4x4 configuration, for frequency offsets of 0%, 0.5%,1%,
2%, 5% and 10% of the subcarrier spacing. We regard a packet length of 16 I!S independent of the
antenna configuration. This relates to a packet data length of 96 byte for 4x4 MIMO, 48 byte for
2x2 MIMO and 24 byte for SISO. Again the performance of the MIMO systems is worse that of a
SISO system, when no frequency offset is present, as already shown in [64].

For all three configurations, the frequency offsets up to 2% do not increase the BER significantly.
For a 5% frequency offset, the increase in BER for the three configurations is also comparable. For
a frequency offset of 10% the BER-curves for all three configurations reach the same intolerable
level.
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Fig. 3.8: BER performance ofa SISO (continuous curves) and a 2x2 MIMO system (dashed curves) plotted
for different values offrequency offiet (% ofsubcarrier spacing) and a packet length of16 J1S.
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Fig. 3.9: BER performance ofa SISO (continuous curves) and a 4x4 MIMO system (dashed curves) plotted
for different values offrequency offset ('l/o ofsubcarrier spacing) and a packet length of16 f.iS.

We can conclude from the simulation results presented in Fig. 3.6 and Fig. 3.7, that a MIMO sys
tem is less sensitive to FO than a SISO system, for transmissions with a fixed packet data length.
The sensitivity decreases as the number of transmit antennas in the MIMO system increases. This is
caused by the fact that the transmission time of the packet in a MIMO system will be shorter than
in a SISO system. In Section 3.2.1 it is shown that the phase rotation of the estimated symbol in
creases with time from the beginning of the packet. This means the influence of the frequency off
set on a SISO system, compared to a MIMO system transmitting the same packet, will thus be
higher.

The results in Fig. 3.8 and Fig. 3.9 support the idea that the difference in degradation relates to the
longer transmission time. The three configurations show the same degradation in BER when trans
mitting for similar length in time. We can thus, finally, conclude from these simulation results that
a MIMO OFDM system is as sensitive to FO as a SISO OFDM system, when transmitting for the
same length of time, but is less sensitive when a certain packet data length has to be transmitted, as
also can be concluded from the derivation in Section 3.2.1.

3.3 Optimal Symbol Timing
An OFDM system is relatively more robust against timing offsets when compared to frequency
offset (FO), since the OFDM symbol is cyclic extended for the length of the guard time TG, as illus
trated in Fig. 2.4. The estimated timing instance may thus vary over an interval, assuming no mul
tipath, which equals TG without causing any inter-symbol-interference (ISI) or inter-carrier
interference (ICI). When the symbol synchronisation error is larger, the Fast Fourier Transform
(FFT) interval will include a symbol boundary or start in the roll-off region of the symbol, or
thogonality is lost and ICI and lSI will occur. In a multipath environment this range over which the
timing instance can vary is decreased with the length of the channel impulse response. Section 3.4
further explains this degradation.

3.3.1 SISO OFDM
OFDM is thus quite insensitive to symbol timing offset (TO), however this offset causes the system
to be more sensitive to delay spread and will, thus, be able to handle less delay spread than it was
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designed for. To preserve robustness against delay spread, the timing offset should thus be kept
small relative to the guard interval duration.

Fig. 3.10 shows the effect of multipath propagation on the received signal in the OFDM receiver. It
shows the windowing envelopes of three OFDM symbols. The radio channel consists of two paths,
with a relative delay of one-sixth a symbol and relative amplitude of a half. The multipath delay is
smaller than the guard time and thus no symbol boundary, affected by the windowing, or a part of
the previous symbol shifts into the FFT period, thus no lSI or ICI is introduced.

Fig. 3.10: Received signals in two-path channel, causing no lSI and ICI

Fig. 3.11 depicts the same as Fig. 3.10, only with a larger relative delay for the second path. The
multipath delay is larger than the guard time and thus introduces lSI, by the partly overlap of the
previous OFDM symbol of the second path. The weaker path also causes ICI, because the roll-off
region of the current OFDM-symbol is shifted into the FFT-period.

lSI lei

Time

Fig. 3.11: Received signals in two-path channel, causing both lSI and ICI

To find the difference in sensitivity to TO between a SISO OFDM and a MIMO OFDM system and
to design a synchronisation algorithm for MIMO OFDM, we first have to define optimal symbol
timing. Optimal timing is the timing that minimises the total amount of lSI and ICI invoked. Van
Nee presents in [41] a solution to find the optimal FFT starting point for a SISO system. The solu
tions is letting a window, with a width equal to the guard time, slide over the channel impulse re
sponse until the signal power contained by the window is maximum. The optimum FFT starting
point is equal to the starting point of the found delay window plus some constant. This constant
equals the delay that occurs between a sliding correlator/matched filter output from a single pulse
and the delay of the last sample of the flat part of the OFDM signal envelope, minus the length of
the FFT interval [4 I].

In practice this symbol timing can be implemented by integrating the power of the impulse re
sponse over a window as long as the guard interval. The impulse response can be recovered from
the received signal using a sliding correlator/matched filter with the known transmitted code (i.e.
the preamble) as is explained in [48, pp.155- I58], which basically works as a spread spectrum slid
ing correlator channel sounding. Adding the above-mentioned constant to the sample where the
maximum value of the integration output occurs, gives the optimal FFT starting point.
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Since this method finds the timing instant that minimises the amount of ICI and lSI, it should
maximise the signal-to-interference ratio (SIR). Note that interference is caused here by both ICI
and lSI. Fig. 3.12 shows an OFDM symbol with the two adjacent symbols. Here TFFr is the time
needed for the FFT and To] and TG2 are the guard intervals of the OFDM symbol. The total guard
time is then To = To] + TG2• If the multipath signal has a relative delay, relative to the shown refer
ence OFDM signal, exceeding To] or below -TG2 it will cause lSI and ICI. Interference is thus
caused by multipath signals, which delays fall outside the window of To length.

I I
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Fig. 3.12: OFDM symbol showing the two guard times (i.e. TGI and TG2).

The multipath signals that fall within the delay window contribute to effectively used signal power
[41]. Using the above we can compute the SIR:

S =u

To+TG 00

Jllh(rf dr, Sf = Jllh(r f dr,
-00

(3.23)

where To = -To2 is the timing offset of the guard time window To. Su denotes the received useful
signal power and Sf is the total received signal power. Since only Su depends on the timing point To,
maximising Su maximises the SIR. Thus, choosing the timing point To so that the largest power of
her) is contained in the interval [To, To+To], finds the optimal timing.

Fig. 3.13 shows the power impulse response of a simulated instantaneous channel realisation with
exponential decayed power-delay-profile (PDP) and Rayleigh fading on every tap, which can thus
be regarded as a simulated output of the sliding correlator. In the figure the length of the guard in
terval (i.e. six samples) is depicted. If the power of the output of the sliding correlator is integrated
over a window with a length equal to the guard time, the delay for which the window contains
maximum signal power can be found. This yields maximum SIR, as shown in (3.23). In this exam
ple the samples 21 to 26 contain most power, so the starting sample of the FFT is 21 minus some
constant number.
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Fig. 3.13: Example ofimpulse response ofchannel with exponential decayed PDP and Rayleigh fading.

Another often-used method to determine the starting point of the FFT is to find the dominant path,
or equivalently to find the maximum tap in the sliding correlator output. This obviously does not



32 Synchronisation of Multiple-Input Multiple-Output OFDM

yield optimum timing, since it does not maximise the SIR. In the example of Fig. 3.13 sample 24
would have been chosen, applying this method, yielding in extra lSI and ICI caused by the multi
path power of samples 21 to 23. This is explained by the fact, that samples 21 to 26 contain maxi
mum signal power, thus samples 24 to 29 contain less useful signal power. This shows the SIR can
easily be decreased several dB by not choosing the optimal FFT starting point, but using the subop
timal maximum tap detection.

3.3.2 MIMO OFDM
This explains the optimum timing for the SISO OFDM system. Deriving the optimum timing for a
MIMO OFDM system is more complicated, since in a NtxNr-system NNr channels elements exist.
These channel elements are assumed to be independent to achieve the advantages of MIMO [12].
The channel impulse responses corresponding to these NNr channels elements are thus independent
too, which means all these impulse responses have to be considered when finding the optimal sym
bol timing instant.

We now define two ways for timing in a MIMO system, taking into account all these separate im
pulse responses: timing per receiver branch and joint timing for the whole MIMO receiver. The
first method simplifies the timing, since for the timing we only have to regard Nt independent im
pulse responses at a time. Although the timing will be suboptimal for each unique channel element,
it will result in the best compromise for the combination ofM channels elements. The disadvantage
is that it will result in a separate timing for each receiver branch, which will make the signal pro
cessing more complicated, since this has to cope with Nr different timings.

In the second method all MNr independent impulse responses are regarded together, to derive one
combined timing. This timing is a compromise for the combination ofMNr impulse responses, and
will thus yields a worse timing per branch than the first method. However, the signal processing
will be simpler than for the first method, since there is only a single timing to cope with.

As in the SISO case, optimal symbol timing has to yield the smallest possible overall SIR, caused
by the multipath signals. Again, the interference component consists of the combination of ICI and
lSI. The SIR for a MIMO-system can be expressed as:

K To+To K 00

Su =L ~lhn(r~12 dr, SI =L ~lhn(r~12dr,
n:[ To n:l -00

(3.24)

where hn is the impulse response associated with the n-th MIMO channel element. K is the number
of impulse responses over which the timing is calculated, so in the first method K = Nt and in the
second method K = MNr• The other variables are as defined for (3.23). Since again only Su depends
on the timing moment To, maximising Su maximises the SIR. Thus, choosing the timing moment To
such that the sum of the powers of the impulse responses contained in the interval [To,To+TG] is
maximised. Note that in the first method the SIR is maximised per receiver branch and in the sec
ond method for the whole receiver.

We assume the first taps of the different impulse responses, corresponding to the different channel
elements, arrive with the same delay in time. Fig. 3.14 depicts two impulse responses (IRs), using
an exponential decayed PDP with Rayleigh fading, which correspond to two elements of the chan
nel matrix H. The guard interval is set to three samples, as shown in the figure.
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Fig. 3.14: Example ofpower oftwo impulse responses corresponding to two different
MIMO channel elements.

The suboptimal way to determine the timing would be to fmd the maximum in the impulse re
sponse. For both IRs this would yield sample 23. Taking the average of the results would thus yield
a start of the FFT window at sample 23 minus a constant. When determining optimal timing for
both IRs separately, using window integration over the guard interval of three samples, we find the
optimal instant for IRI is sample 22 minus some constant and sample 23 minus some constant for
IR2.

The solution for optimal timing in MIMO OFDM systems is now finding the delay window, with a
width equal to the guard time, applied to the sum of the power of the impulse responses, which
contains maximum signal power. This can be implemented by a window integration ofthe sum of
the powers of the K IRs over a window as long as the guard interval and finding the sample at
which the maximum output value occurs. This yields the optimal symbol timing point plus some
constant. Although in (3.24) the window integration is carried out first and after that the summa
tion, which is switched compared to the above described, it can be seen intuitively that switching
these operations does not change the outcome. The implementation of the algorithm finding this
optimal timing point is worked out in Section 4.5.

Fig. 3.15 shows the sum of the powers of impulse responses IRI and IR2. Again the guard time of
three samples is depicted. Window integration this sum over the length of the guard time (Le. three
samples) finds the optimal timing at sample 22 minus some constant. Just determining the peak of
the plotted sum of powers would again yield sub optimal timing, since sample 23 is found as aswer.
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Fig. 3.15: Sum ofpowers oftwo impulse responses corresponding to two different channel elements.

Also window integrating the two IRs separately and then taking the average of the optimal timing
instances of the both IRs yields a suboptimal timing (sample 22.5), since here the difference in am
plitude of the two IRs is not taken into account. An impulse response hn with a higher power is
more important for the timing, since it will give more interference when not optimally timed, as is
clear from (3.24).
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Thus window integrating the sum of the powers of the K IRs over the length of the guard interval
and then determining the maximum of the output will give the optimal timing plus some constant
for a MIMO OFDM system. The difference in performance between the synchronisation per re
ceiver branch and joint synchronisation for the whole MIMO receiver is evaluated with simulations
in Section 5.5.

3.4 Sensitivity to Timing Offset
This section regards the influence of timing offset (TO) on the performance of a MIMO OFDM
system. We assess the change in performance, when the start of the FFT is moved away from the
optimal starting point. Fig. 3.16 depicts the average signal, noise and inter-symbol-interference
(lSI) power levels versus time for an Additive White Gaussian Noise (AWGN) channel. The time
from -TG to 0 is the length of the guard interval, and the time from 0 to TFFT is the length of the
useful part of the OFDM symbol.
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Fig. 3.16: Relationship ofsignal, noise and IS/power to the symbol timing position for the AWGN channel.
The shadedportion in the first plot indicates the range where the synchroniser can estimate the start ofthe

symbol to maximise SN/R.

A way to assess the degradation in performance is by looking at the reduction in the signal-to
noise-plus-interference ratio (SNIR) due to a symbol timing error. The SNIR is given by:

(3.25)

where (1/ denotes the variance of the signal power contained in the FFT window, (1/ the variance
of the noise power contained in the FFT window, (1/ is the variance of the lSI added by incorrect
symbol timing. (1/ is the total power contained in the FFT window.

Fig. 3.16 shows that if the synchroniser estimates that the useful part of the symbol starts at any
time within the guard interval, which is the shaded area in the first plot of Fig. 3.16, there is no re
duction in SNIR due to incorrect symbol timing. If the start of the symbol however is estimated
outside the guard interval, there will be both a decrease in desired signal power and an increase in
interference (lSI) power, resulting in a lower value for SNIR. This is caused by the fact that sam
ples from the previous or next symbol are fed into the FFT together with samples of the current
symbol.

With multipath delay spread the tolerance in timing is reduced by the length of the impulse re
sponse [52]. The SNIR decreases thus for negative time offsets (shifting the FFT window to the left
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in Fig. 3.17) smaller than the guard time, in contrast to the AWGN case where this does not hap
pen. The multiple taps of the impulse response cause this effect. This number of taps is related to
the rms delay spread. Some taps of impulse responses of the last samples of the previous OFDM
symbol fall in the guard time of the current OFDM symbol. They cause lSI power, and thus de
crease the SNIR. Fig. 3.17 depicts a very schematic representation of the relationship of signal,
noise and lSI power for an exponential decayed PDP for a medium, high and very high value of
time delay spread (tds). This shows the timing becomes more critical with high delay spread, since
there are only a few estimated starts possible, which yield in no SNIR reduction or a minimal re
duction.

iIi' Signal Power
~

"'''':';;~';;::::::'''''''''
....
~
0c..

time
-TG 0 T FFT

iIi'

J~

~ Noise Power
0 •c.. time

-TG 0 TFFT

~ b lSI Power....
~
0

'~';;<:,.,....
~c.. time

-TG 0 T FFT

Fig. 3.17: Relationship ofsignal, noise and lSI power (plotted logarithmically) to the symbol timing position
for different exponential decayed PDP channels. The shadedportion in the first plot indicates the guard in

terval. For medium tds (continuous), high tds (dashed) and very high tds (dotted).

3.4.1 Theoretical derivation
As explained above a negative timing offset with a value smaller than the guard time, does not in
troduce degradation in SNIR in an AWGN channel. In a multipath channel the interval in which the
timing can vary, without reducing the SNIR, is reduced by the length of the multipath. Although
the timing offset does not influence the SNIR in this interval, it does influence the received data.
Section 2.2.2 shows how OFDM can be implemented by using a simple IDFT. The complex enve
lope of the OFDM signal, before addition of the guard time and before up conversion to Radio Fre
quency (RF) can be written as (2.19):

1sis N s

OsisN-I'
(3.26)

where St[i] denotes the transmitted signal on sample time i in the symboll, N is the number of sub
carriers, Ns is the number of OFDM-symbols and dk,l denotes the symbol that modulates the k-th
carrier of the l-th symbol.

The influence of the timing offset 'l' normalised to the sample duration (Ts = 1/fs) can now be found.
If we now assume the channel to be stationary during Ns OFDM symbols, the output of the DFT at
the receiver can be expressed as [28], [62]:

(3.27)
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where all variables are as defined in Section 3.2.1. In the case of an AWGN channel Hk equals 1. If
we expand this to a MIMO OFDM system, we find that the in Section 2.4 defined MIMO OFDM
system model changes to:

(3.28)

where 'Y is the matrix given by:

"(0 0 0

0 "(I
"(=

0

0 0 "(N-I

(3.29)

where "(k is given by:

(3.30)

where IN xN is the identity matrix with dimensions NrxNr.r r

The timing offset thus gives rise to a progressive phase rotation of the signal constellation, which is
zero at the centre subcarrier and increases linearly towards the edges of the frequency band. Fig.
3.18 illustrates this by showing the phase rotation plotted against the subcarrier number for an
AWGN channel for a MIMO OFDM system with a timing offset of 1 sample (r = 1). Note that for
the centre subcarrier the number "0" is used to illustrate the symmetry around this subcarrier. The
rotation does not depend on the number of receive antenna, which means, the rotation is equal for
all receive antennas.

I

I

I

I I
----,------1---

, I
I ,

I

I I ,

------~------~------~------
I I I
I I I

I I I

I I

3 ,----,,-----,-----------,--------,1---,-------,
I I
I I
I I I

2 ------~------~------~------~-----
I I

I I

I
I I ,

-- -1- - - - - - ~I- - - - - - -1- - - - ---

I I
I I
I I

I

-2

:0
Jg.
r::::
o

~ 0
Ql
l/l

~ -1
a.

-3 '-----__---'----__-----'- -'-----__---'----__-----L _

-30 -20 -10 0 10 20 30
Subcarrier number

Fig. 3.18: Phase rotation as function ofthe subcarrier number for a timing offset of1 sample
in an A WGN channel.

Fig. 3.19 illustrates the effect of the complex rotation in (3.28) by plotting both the transmitted
modulation value as the received one for 25 subcarriers. Note that the centre subcarrier is again
numbered "0", as above in Fig. 3.18. An AWGN channel and a timing offset of 1 sample are ap-
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plied. The transmitted modulation values, equal on all subcarriers in this case, is the (+ I) value
from the BPSK constellation and are plotted with dots. The received values are plotted with stars.
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Fig. 3.19: Rotation within an OFDMsymbol having 25 subcarriers modulated with BPSKfor symbol timing
offset of1 sample. The rotation ofthe subcarriers is proportional to the distance from the centrefrequency.

If we now train the channel, lIest is given by:

Hest =yH, (3.31 )

where it is assumed that the channel can be estimated perfectly. The pseudo-inverse of this esti
mated channel matrix is given by:

(3.32)

After performing the Zero Forcing processing with weights (llestt, the recovered signal is given
by:

SI,est,TO = (Hestt .XI = y+li+ . XI

= y+li+y .lis
l
+ y+li+ .NI

=SI+y+Ii+.NI .

(3.33)

When we compare the result in (3.33) to the one in (3.22), which is the estimated signal without
TO, we conclude that using this coherent detection, the induced progressive phase rotation is de
tected implicitly by the channel estimation. Multiplying the received signal thus with the pseudo
inverse of the estimated channel transfer matrix, will thus automatically correct for small timing
offsets. The timing offset thus only influences the noise factor. However, in real-life systems
timing jitter will be present and tracking should be applied. When this is not done correctly there
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will still be a rotation of the subcarriers. Note that in this case there is no influence of interference
in the second tenn as was the case with FO.

3.4.2 BER Degradation due to Timing errors
In the beginning of this section the reduction in SNIR is used as a qualitative measure to show the
influence of timing offset on the perfonnance of an OFDM system. In this section we regard the
results of simulations that are carried out to derive the degradation in bit-error-rate (BER) caused
by symbol timing offset in a MIMO OFDM system. A description ofthe simulation parameters and
the used channel model is given in Section 5.2. Some important parameters we mention here: sam
pling rate is = 20 NIHz, guard interval h = 16 samples == 800 ns, OFDM symbol duration = 80
samples == 4 Ils. Zero Forcing, as described in Subsection 2.2.2 is used as MIMO detection algo
rithm. BPSK is employed as modulation scheme. No coding is applied. In these simulations the
channel is perfectly trained, so the phase rotation described in the previous section will be removed
from the received data. Decrease in BER will thus be caused by lSI.

Fig. 3.20 to Fig. 3.22 depict the BER curves for a SISO and a 4x4 MIMO configuration, for dif
ferent values of symbol timing offset. The offset is given in samples (1 sample == 50 ns). An offset
of 0 samples relates to the case in which the FFT window starts at timing point 0 (see Fig. 3.16),
which is the first sample after the guard interval. A negative offset means the start of the FFT win
dow is moved backwards in time (so to the left in Fig. 3.16) and a positive offset means the start of
the FFT window is moved forward in time (so to the right in Fig. 3.16).

Fig. 3.20 shows the results for a Rayleigh fading channel with an exponential decayed PDP and a
nns delay spread of 50 ns. The degradation in BER-perfonnance is negligible small for all applied
negative timing offsets. Even an offset of -12 samples (75% of the guard time) does not cause a
significant BER increase. This can be explained by the relative low value of the nns delay spread.
A positive timing offset does cause a great decrease in BER-perfonnance. An offset of one sample
already causes a non-negligible increase in BER at high SNR. For timing offsets of +4 and +8 the
BER shows a great increase, even at low SNR, the amount of lSI is increased enonnously there.
The influence of the timing offset on the BER degradation does not differ much for the SISO and
MIMO case.

Fig. 3.21 shows the results for a Rayleigh fading channel with an exponential decayed PDP and a
nns delay spread of 100 ns. Again the increase in BER is negligible small for a timing offset of -4
samples. For a timing offset of -8 samples the BER only increases for high SNR, but for a timing
offset of -12 samples the decrease in BER-perfonnance becomes really significant. This can be
explained by the fact that taps ofthe impulse responses of samples from the previous OFDM sym
bol with high power are now contained in the FFT window, causing lSI.

A positive timing offset still causes a larger decrease in BER-perfonnance. An offset of only one
sample causes already a non-negligible increase in BER at high SNR. For timing offsets of +4 and
+8 the BER shows a great increase, even at low SNR as also was observed in Fig. 3.20. Again the
influence of the timing offset on the BER does not differ much for the SISO and MIMO case. In
some cases (e.g. TO = 8) the degradation for MIMO systems seems to be a little smaller.
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Fig. 3.20: BER performance for a SISO (continuous curves) and a 4x4 MIMO system (dashed curves) plotted
for different values oftiming offset (in samples) for the symbol timing. Rms delay spread = 50 ns.
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Fig. 3.21: BERperformancefor a SISO (continuous curves) and a 4x4 MIMO system (dashed curves) plotted
for different values oftiming offset (in samples) for the symbol timing. Rms delay spread = 100 ns.

Fig. 3.22 shows the results for a Rayleigh fading channel with an exponential decayed PDP and a
rms delay spread of 300 ns, which is a very high value for the delay spread, when a guard time of
only 800 ns is applied. Now the degradation in BER-performance at a timing offset of --4 samples
is no longer negligible, not even at low SNR. At larger negative timing offsets the performance
drops down dramatically. For timing offsets of +4 and +8 samples the BER shows a great increase,
even at low SNR. The fact that taps of the impulse responses of samples from the previous OFDM
symbol are contained in the FFT-window causes this. At a timing offset of zero, this is already the
case. This can be seen at high SNR where the BER is higher than compared to those in Fig. 3.20
and Fig. 3.21.
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The increase in BER for negative timing offsets is much higher, than for the cases with a rms delay
spread of 50 ns and 100 ns. For a positive offset of one sample the degradation is negligible for the
SISO system and small for the MIMO system, while that was not the case in Fig. 3.20 and Fig.
3.21. Fig. 3.17 can explain this. A positive timing offset decreases the lSI power caused impulse
response of the previous symbol, but increases inference caused by the next symbol. The signal
power contained in the FFT-window only decreases a little due to large delay spread. This alto
gether causes only a small decrease in SNIR and thus in BER-performance. For larger positive tim
ing offsets the increase in BER is very high. The influence of the timing offset on the BER does not
differ much, between the SISO and MIMO case, but the MIMO system seems to be less sensitive
to negative timing offsets in this high delay spread case.
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Fig. 3.22: BER performance for a SISO (continuous curves) and a 4x4 MIMO system (dashed curves) plotted
for different values oftiming offset (in samples) for the symbol timing. Rms delay spread = 300 ns.

3.5 Conclusions
In this chapter the influence of frequency and timing offset on the performance of a MIMO OFDM
system is regarded. The influence of frequency offset is derived theoretically.

The results show that frequency offset causes a rotation of the signal constellation points progres
sive in time and reduces the amplitude of the wanted subcarrier. It also introduces inter-carrier
interference (lCI), since the subcarriers are not orthogonal anymore. From BER simulation results
it is concluded that a MIMO OFDM system is as sensitive to FO as a SISO OFDM system, when
transmitting for the same length of time, but is less sensitive when a certain (fixed) packet data
length is transmitted.

The optimal symbol timing for a SISO OFDM system is presented and expanded to be applicable
for a MIMO OFDM system. It is shown this method minimises the amount of inter-symbol
interference (lSI) and ICI. Two ways of synchronising a MIMO OFDM system are proposed:
timing per MIMO receiver branch and joint timing for the whole MIMO receiver.

The influence of timing offset on the signal-to-noise-and-interference (SNIR) in an AWGN and
multipath environment is shown. This explains the amount of timing offset that is allowed, without
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causing a decrease in SNIR. Next to decrease in SNIR, the timing offset gives rise to a progressive
phase rotation of the signal constellation, which is zero at the centre subcarrier and increases line
arly towards the edges of the frequency band, as derived theoretical in Subsection 3.4.1. It is shown
that this rotation is removed implicitly by correcting for the estimated channel, when coherent de
tection is used. From results from BER simulations it is concluded that the influence of the timing
offset on the BER does not differ much, between the SISO and MIMO case, but that the MIMO
system seems to be less sensitive to negative timing offsets in high delay spread cases.

Overall, it can be concluded that the influence on the performance of a MIMO OFDM system of
FO and TO can be severe, and that we thus should find algorithms that correct for these offset, or
reduce their influence to a minimum.
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4 Synchronisation techniques

4.1 Introduction
This thesis focuses on data-aided initial synchronisation (or acquisition) techniques, as explained in
Chapter 1. In a burst mode transmission as present in a Wireless LAN (WLAN) system, this initial
synchronisation is crucially important. If the acquisition is not accurate enough the reception can
not be done correctly and the whole packet will be lost. In Section 4.2 two preamble structures are
proposed for the synchronisation. Section 4.3 introduces three frame detection algorithms, which
give a coarse timing. The frequency synchronisation is treated in Section 4.4. First the algorithm is
worked out, then the theoretically accuracy and the lower bound on the accuracy are derived. Fi
nally, Section 4.5 proposes an algorithm for the symbol timing.

4.2 Preamble structures
In a burst mode transmission the synchronisation has to be rapid, since all time used for this is re
garded as overhead and thus decreases the actual achievable data rate. Data-aided synchronisation
is thus the best option as explained in Chapter 1, thus generally the data in the packet is preceded
by an amount of known data, the preamble. If in the case of Multiple-Input Multiple-Output
(MIMO) OFDM the SISO OFDM preamble is sent in parallel on the different transmit branches,
we are not able to distinguish at the receiver what signal originates from which transmitter. This is
caused by the fact that the signals originating from the different transmit antennas are mixed in the
air. In this section we propose two preambles for the synchronisation of a MIMO OFDM system:
one that is based on spatial cycling and one that is based on orthogonal codes.

4.2.1 Spatial cycling based preamble
It is important that at the receiver we can distinguish between received parts of the preamble origi
nating from the different transmit (TX) antennas. The only way to achieve this is to make the train
ings signals transmitted on the different transmit branches orthogonal. Applying spatial cyclic us
ing one transmitter at a time for the MIMO OFDM preamble is one way to achieve this orthogonal
ity. This spatial cycling is equivalent to transmitting the parts of the preamble serial in time on the
different TX antennas.

Fig. 4.1 shows the concept of a preamble that could be used in a MIMO system with 2 transmit an
tennas. First the trainings sequence is transmitted on transmitter 1 and then on transmitter 2. After
wards data is sent out on both transmitters. In theory any OFDM preamble could be used as train
ings sequence. The disadvantage of this preamble is that it is very time consuming. When Nt trans
mitters are used, the training takes Nt-times as long as in the SISO case.
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Fig. 4.1: Concept ofspatial cycling basedpreamble for a MIMO configuration with 2 transmitters.

A spatial cycling based preamble can be fonned using the OFDM preamble proposed in the
802.lIa WLAN standard [18]. This SISO preamble is worked out and explained in Appendix A. It
basically consists of a chain of 10 short trainings sequences (16 samples each) followed by 2.5 long
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trainings sequences (64 samples each). The MIMO version of the preamble would then basically
consist of the short training symbols transmitted subsequently on the Nt transmit antennas, after
which the long training symbols are transmitted consecutively from all transmitters. After the
transmission of this preamble, the parallel data streams are sent on the M transmit antennas. This is
illustrated in Fig. 4.2 for a system consisting of 4 transmit branches.

160 samples
. .

Txl

Tx2i
!

Tx3!

T~4+-!-----i---

long

long

long

long

Time

Fig. 4.2: Spatial cycling basedpreamble for 4 transmit antennas, based on 802.11a preamble.

This preamble will take M·2·S /..ls. The length of the preamble thus grows linearly with the number
of transmit antennas Nt. This assumes that the synchronisation of the MIMO OFDM system needs
as many symbols as the SISO OFDM system to achieve the same accuracy.

4.2.2 Orthogonal codes based preamble
To be able to distinguish between the trainings signals transmitted on the different transmit
branches, the preamble proposed in this subsection uses orthogonal codes. These orthogonal codes
are single carrier symbols and not based on multicarrier OFDM symbols. The use of a single carrier
trainings sequence for synchronisation of a SISO OFDM system was among others proposed in
[24]. Using single carrier orthogonal codes as preamble for a MIMO OFDM system has recently
been proposed independently in both [42] and [32].

Fig. 4.3 shows the concept of a preamble, using orthogonal codes, that could be used in a MIMO
system with 2 transmit antennas. The trainings sequence is transmitted simultaneously on transmit
ter I and 2. The codes that are used as preamble on the different transmitters are orthogonal to each
other. Examples of such codes are given in [56]. After the preamble, data is sent out on both trans
mitters simultaneously. The advantage of this MIMO preamble is that it takes only as much time as
a SISO preamble, independent of the number transmit antennas. The question is whether the syn
chronisation algorithms achieve the same accuracy using this preamble, as they would in the SISO
case. That will be evaluated in this and the next chapter.

Fig. 4.3: Concept ofpreamble using orthogonal codes for a MIMO configuration with 2 transmitters.

The disadvantage of this preamble is that we need a matched filter or sliding correlator in each re
ceiver branch for every used code, as also noted in [32]. This makes the receiver more complex,
since we need NtH, matched filters, instead of only N, for the spatial cycling based preamble, pro
posed in Subsection 4.2.1.
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A solution to reduce this complexity of the receiver is the use of cyclicly shifted orthogonal codes.
These are codes with ideal cyclic autocorrelation properties, meaning their autocorrelation is eve
rywhere zero except for multiples of the period, where the autocorrelation function has a single
maximum. Examples of such codes are described in [14] and [16]. Frank and Zadoff describe in
[16] polyphase codes, with a length of N 2 and composed of sequences of N length. These codes
will further be referred to as Frank-Zadoff code (FZ-code). Concatenating all rows or columns of
the discrete Fourier matrix generates these codes. The NxN discrete Fourier matrix F is given by:

~ ~2 ~3 ~N

~2 ~4 ~6 ~2N

F= ~3 ~6 ~9 ~3N (4.1)

~N ~2N ~3N ~N2

with;: = f!2tr1N. By definition ;:N = I. By concatenating all rows of F a sequence CN of length Nc = N 2

is obtained, which has perfect autocorrelation properties. If the 4x4 discrete Fourier matrix is for
example given by:

j -I -j 1

-1 I -1 1
F4 =

-j -I j 1
(4.2)

I I 1 1

the sequence C4 of length Nc = 16 with ideal autocorrelation properties is now obtained by concate
nating the rows ofF4, yielding:

C4 = {j, -I, -j, I, -I, I, -1, 1, -j, -I, j, 1, I, I, I, I}. (4.3)

The cyclic (also called serial or periodic) correlation function of sequence {co. C\, C2" ... , CN -d is
c

defined as {xo, X" X2, ... , XN -d, where:
c

Ne -\

Xi = ~>k+iC; ,
k=O

(4.4)

note that Cm+Nc = Cm, and x· denotes the complex conjugate ofx. For i = 0, the value of Xi, reaches its
maximum:

Ne -1 2

Xo = L hi '
k=O

(4.5)

for 0 < i:S Nc-I, the values of Xi should be zero. A code having these properties is defined to have
ideal cyclic correlation properties. For derivation of these properties for the FZ-code the reader is
referred to [16].

From these orthogonal codes a preamble is generated for a MIMO OFDM system. Each transmitter
now transmits the same code, but with different cyclic shifts. The code is repeated twice, but pref
erably more. Fig. 4.4 shows an example of a code C transmitted twice by 2 transmitters simultane
ously with a different cyclic shift. The code transmitted on transmitter 2 has a cyclic shift of Ncl2
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relative to the one on transmitter 1. The preamble is followed by a data transmission on all trans
mitters.

__T_X_2---,bJ''hI:::r~~~;~---~~~r )
o Nc 2Nc time (samples)

Fig. 4.4: Concept ofpreamble using cyclicly shifted orthogonal codes for a MIMO configuration with 2
transmitters.

A precorrection filter is applied to the SC preamble so its bandwidth equals that of the OFDM sig
nal. This filtering has advantages, if the code is also used for channel training [42]. The out of band
radiation of the signal is also reduced applying the filtering.

The transmitted signal can be precalculated and stored in memory to avoid the complexity of a
separate precorrection filter, which is only used in the synchronisation/training phase. Fig. 4.5
shows a block diagram of the transmitter using a lookup table (LUT) containing the trainings sig
nal.

LUT with filtered
cyclicly shifted code

Fig. 4.5: Preamble transmitter for single carrier orthogonal codes based MIMO synchronisation.

For these codes only one matched filter per receiver branch is needed, reducing to complexity of
the receiver compared to the same level as that of the spatial cycling based preamble as described
in Subsection 4.2.1. Codes with different lengths can be transmitted in a chain to form a preamble,
yielding the same advantages obtained by the 802.lla preamble, as was explained in Appendix A.

In the remainder of this chapter and in the next chapters we will use a preamble based on the cycli
cly shifted orthogonal codes to illustrate and explain the algorithms. This is the most promising
method in both time efficiency and complexity. The in the next sections described algorithms are
also applicable, with small modifications, to spatial cycling based preambles and preambles using
general orthogonal codes.

4.3 Frame Detection / Coarse Timing
In the regarded radio system (i.e. WLAN) the data is sent in bursts, thus the receiver does not know
a priori when it will receive a data packet. The Frame Detection (FD) algorithm has to find out,
when a packet is received. As reported in Section 4.2, every packet will be preceded by a preamble,
which means the task of the algorithm is reduced to detecting the packet preamble whenever one is
present. While in many situations the system has to deal with low signal-to-noise ratio (SNR) val
ues, detection of the power level does not provide a sufficient high detection chance and a suffi
cient low false alarm chance. For this reason the preamble detection algorithm has to be based on
the correlation properties of the preamble, which uses the repetitive nature of the preamble. This
preamble detection algorithm can also be used as a Coarse Timing (CT) algorithm, since it gives an
estimate of the starting point of the packet.
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The algorithm has thus two main tasks: detecting the packet or frame and providing a coarse esti
mate of the beginning of the packet. These tasks are essential to avoid noise to be regarded as pre
amble or a part of the preamble to be missed, since the beginning of the frame is estimated too late.

We will regard a preamble consisting of two repeated symbols with a cyclic prefix, see Fig. 4.6,
which is followed by a number of random OFDM data symbols. The preamble is build up from a
cyclicly shifted orthogonal code of length Ne, proposed in Subsection 4.2.2. At the receiver the pre
amble is preceded by noise, since we are operating in a burst mode. In this figure Ng denotes the
number of samples in the guard time interval. The cyclic shift equals Ne/Nt•

-Ng 0 Nc 2Nc time (samples)

Fig. 4.6: Transmitted preamble in a MIMO configuration with 2 transmitters.

In [34] and [35] the performance of algorithms for FD, or coarse frame synchronisation, for SISO
OFDM is compared. Two algorithms originate from others ([20] and [52]) and one is introduced in
[35]. These algorithms, expanded here to be applicable for MIMO OFDM, are presented in this
section. For the theoretical derivation of the algorithms, the reader is referred to the original papers.

We define the complex correlation between two subsequently received frames of Nc samples on Nr

receive antennas as:

k k Nr

A[k] = LxH[i - Ne]x[i] = L Lx:[i - NcJ·xn[i],
i=k-(Nc-l) i=k-(Nc-l) n=l

(4.6)

where xn[i] denotes the signal on receive antenna n at sample time i and • denotes the complex con
jugate. This expression can be implemented using the block schemes depicted in Fig. 4.7 and Fig.
4.8. In Fig. 4.7 first the Radio Frequency (RF) signal is down converted to baseband and multiplied
with a Te (i.e. the code duration Ne/fs) delayed conjugated version. This is done for every receiver
branch.

'f I ' ~conj"""h ,
l RFRX.p-- ~I---~> AJi]

Fig. 4.7: B/ock diagram ofcyclic corre/ator for receiver branch n.

The Nr outputs An [ll are input to the block diagram depicted in Fig. 4.8, where Ts denotes the sam
ple duration. They are summed together and then input to the tapped-delay-line (TDL). The out
come of the summation is here added in the TDL to the Ne-l previous outcomes of the summation.
The output then equals A[i], as expressed in (4.6).
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Fig. 4.8: Block diagram ofsummation over different receiver branches and TDL.

The sum of the power of Nc subsequently received samples on the N, receive antennas together, is
defined as:

(4.7)

Expression (4.7) can also be implemented using the in Fig. 4.7 and Fig. 4.8 depicted block
schemes, by removing the delay of Tc in the block scheme of Fig. 4.7. The output of the block
scheme in Fig. 4.8 then equals P[i].

4.3.1 Maximum-Correlation criterion
The Maximum-Correlation (MC) criterion for frame detection is originally proposed in [20]. The
starting point of the frame is found, when the correlation A reaches its maximum. The estimated
starting point kest is given by:

kest = arg maxlA[k ]1·
k

(4.8)

Fig. 4.9 shows two realisations of the MC metric, which equals the absolute value of the in (4.6)
defined correlation A. The received signal (used for all illustrations in this section) started after 64
samples of noise. The preamble, as depicted in Fig. 4.6, consists of 144 samples (16+64+64),
where Ng = 16 and Nc = 64. The preamble is followed by random OFDM symbols.

Fig. 4.9a depicts the metric in case of an AWGN channel with high SNR. The metric shows a flat
maximum for 16 samples, which equals the Guard Interval (GI) of the preamble. As shown in Sec
tion 3.4 the coarse timing instant can be chosen within this flat part, without causing degradation.

Fig. 4.9b shows a realisation of the metric for a multipath channel, with exponential decayed power
delay profile (PDP), with an rms delay spread of 50 ns and Rayleigh fading on every tap. A low
SNR value of 6 dB is applied. Here the metric shows a maximum around the sample corresponding
to the last sample ofthe flat maximum in Fig. 4.9a. The flat part is no longer there, which is caused
by the presence of both noise and multipath.
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Fig. 4.9: Output ofthe Maximum-Correlation criterion metric.

A problem of this method is that the metric is not normalised, which could give problems, when an
OFOM preamble is used. That is caused by the high peak-to-average-power (PAP) ratio values that
occur in OFOM signals. There could be a peak in the metric due a peak in the OFOM signal, rather
than due to high correlation, which is not desired [34]. If the cyc1ic1y shifted orthogonal codes sin
gle carrier preamble, as described in Section 4.2.2, is used this disadvantage of the algorithm is re
duced, since the code does not have a high PAP ratio.

4.3.2 Schmidl criterion
Schmidl proposed in [52] a FO/CT method, which yields an estimated start of the frame of:

keSI ==argmax~A[k]12 IP2 [k]).
k

(4.9)

Here the squared value of the correlation is normalised by the power of the second train of Nc sam
ples used to calculate A. This method is used in many other papers and is regarded as a reference
for frame detection and coarse timing. The normalisation reduces the above-mentioned problem
caused by high PAP ratio.
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Fig. 4.10: Output ofthe Schmidl criterion metric.

Fig. 4.10 shows two realisations of the Schmidl metric, IA[k]12Ip2[k], using the same received signal
as for the previous figure. Fig. 4.10a depicts the metric in case of an AWGN channel, with a high
SNR. The metric shows a flat maximum for 16 samples, which equals the GI of the preamble. As
shown in Section 3.4 the coarse timing instant can be chosen within this flat part, without having
any degradation. Note the maximum value of the metric is now normalised to 1.
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Fig. 4.1 Ob shows a realisation of the metric for the multipath channel and a SNR value of 6 dB.
Again the maximum of the metric occurs around the same samples, but the flat maximum is no
longer there, which is caused by both the noise and the multipath. The maximum value of the
metric is again around 1.

4.3.3 Maximum-Normalised-Correlation criterion
A modification to the Schmidl criterion [52] is proposed in [35] and named the Maximum
Normalised-Correlation (MNC) criterion. In this method the estimated start of the packet is given
by:

(
41A[kl12 ]k =armax .

est g k (P[k - Ncl + P[klY (4.1 0)

Here the squared value of the correlation is normalised by the sum of the powers of the first and
second train of Nc samples used to calculate A. This better removes the influence of the above
mentioned problem caused by the high PAP, than the Schmidl method does.

Fig. 4.11 depicts two realisations of the MNC metric, 4IA[k]12/(P[k-Nc]+ p[k])2, using the same re
ceived signal as for the previous two figures. Fig. 4.11a shows the metric in case of an AWGN
channel at high SNR. Again this metric shows a flat maximum for 16 samples, which equals the GI
of the preamble. As shown in Section 3.4 the coarse timing instant can be chosen within this flat
part, without having any degradation. Note the maximum value of the metric is normalised to 1.

Fig. 4.11 b depicts a realisation of the metric for the multipath channel and a SNR value of 6 dB.
Again the maximum of the metric occurs around the same samples, but the flat maximum is no
longer there, which is caused by both noise and multipath. The maximum value of the metric is
again around 1.
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Fig. 4.11: Output ofthe Maximum-Normalised-Correlation criterion metric.

The in [34] presented Minimum Mean-Squared-Error Criterion, original proposed in [9], and the
Maximum Likelihood estimate, original proposed in [51], give an estimate of the starting point of
frame by finding a minimum value of a certain metric. These methods assume a (more or less) con
stant signal power around the period in which the frame start is searched. They thus assume the
preamble structures is preceded and followed by OFDM-packets. This is a valid assumption in con
tinuous transmissions, like DVB or DAB, but not in a burst transmission system, like a WLAN sys
tem, because there the preamble is preceded by only noise. In the case of no signal and only noise
both metrics will produce a minimum value and thus detect the start of a frame, when obviously
none is present. They are thus regarded not applicable.
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In Section 5.3 the performance of the FD/CT algorithms presented in this section (MC, Schmidl
and MNC) is evaluated. Simulations are done for different MIMO configurations to see whether
the accuracy of the FD/CT depends on the MIMO configuration (i.e. the number of TX and RX
antennas).

4.4 Frequency Synchronisation
An OFDM system is very sensitive to Carrier Frequency Offset (CFO), especially for a large num
ber of subcarriers, since orthogonality will be lost and Inter-Carrier-Interference (lCI) will be intro
duced, as explained in Section 3.2. In this section a frequency synchronisation method is proposed
to deal with this CFO, which is based on phase increment estimation, as proposed in [33] for a
SISO OFDM system. It first estimates the CFO and then corrects the received signals for this off
set.

4.4.1 Algorithm description
For the estimation of the CFO we use the correlation between a sample and a Tc delayed version
(i.e. Nc samples). We already used this correlation in Section 4.3 for the frame detection. The im
plementation of the correlator in block diagram is depicted in Fig. 4.7. The output for receiver
branch n on sample time i, when influenced by CFO, is given by:

where /11 denotes the frequency offset between transmitter and receiver and Tc is the duration of
trainings sequence c. In the derivation above it is assumed no noise is present in the system. The
phase () of the correlation output A[i] is then 21t/1fFc. For the different receiver branches this phase
value is equal, since it is assumed that all transmitters and all receivers of one MIMO terminal use
the same reference oscillator. This reduces the problem to estimating and correcting for a single
frequency offset. This frequency offset can be calculated using the block diagram depicted in Fig.
4.12. This basically first calculates A[i] and then estimates the phase, which is then divided by
21tTc.

Fig. 4.12: Block diagram offrequency offset estimator from cyclic correlations.

The value of A[i], expressed in (4.6) without CFO, changes to:

A[i] = :t I>n [k ] . (xn [k - Ncl· e-;2mVTc )* =eJ2
;r!ifJc :t I An [k],

k=i-(N c -1) n=! k=i-(Nc-I) n=!
(4.12)

when CFO is introduced. The phase rotation does not depend on k or n, so can be taken out of the
summation. It is clear from (4.12) that the consequence is that the output is a complex value with a
phase () related to /1f In an ideal case, without noise, the summation in (4.12) results in a real value
since it is proportional to the autocorrelation value of the training sequence c. In a practical system
this will not be the case, since there will be noise. This will introduce an extra phase shift next to
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the one introduced by the FO. The adding of the several correlations and then estimating the fre
quency offset from the resulting vector, as done in (4.12), reduces the error in the estimation. An
example is depicted in Fig. 4.13. In this figure the correlations An[i] are summed for the Nr receiver

N,

branches. This results in the vector A[i] =LAJi]. The same can be done for the adding over
n=l

several time instances, as is also done in (4.12), after which the estimation will be influenced even
less by noise.

1m

Re

Fig. 4.13: Frequency estimation using the summation ofthe correlation ofdifferent receivers.

The estimated frequency offset l'1!est is found by dividing the phase () of A[i] by 21CTc:

1'1{' =~ = -fsLA[i]
y est 21l~ 2JiN

c
'

(4.13)

where L x denotes the angle of x. The maximum phase () that can be detected is limited to
(-1t,1t) radial to avoid phase ambiguity. This relates to a maximum value of frequency offset that
can be detected, which is also referred to as the lock-in range, of:

(4.14)

Given a sampling frequency is of 20 MHz, and a sequence length ofNc = 16 this gives a frequency
offset Il'1fmax I= 625 kHz. At an operation frequency offc = 5.2 GHz this relates to a maximum local
oscillator offset of 120 ppm, that can be coped with. For comparison: the IEEE 802.11a standard
[18] specifies a maximum offset per user of20 ppm, which means that the worst case offset as seen
by the receiver can be up to 40 ppm, as it experiences the sum of the frequency offsets of both
transmitter and receiver. This is lower than the lock-in range of 120 ppm of the algorithm with
Nc = 16, the range is thus sufficient.
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Using the estimated frequency offset value !:::.!eSb the input samples are de-rotated, to cancel for the
estimated frequency offset element, by multiplying the received signal at sample instant i =

{O,1,2,3, ... } with the complex tone:

(4.15)

4.4.2 Algorithm accuracy
As mentioned in Subsection 4.4.1 and shown in Fig. 4.13, the accuracy of this algorithm depends
on the accuracy of the phase estimation, which is influenced by noise. If we assume an Additive
White Gaussian Noise (AWGN) environment, the correlation in (4.11) can be written as:

A[i] = {sri] +n[i]}· {sri - Nc]+n[i - Nc]r

=ejf} {sri] +n[i]}· {sri] +n[i - Nclr '
(4.16)

in which Nc is the length of the code, 0 denotes the phase difference between x[i] and x[i-Nc], s de
notes the signal term and n denotes the thermal noise term, as defined in Section 2.2.

51500FDM
First the influence of the length of the trainings signal on the frequency offset estimation error is
derived for a SISO system. The vector of which the phase is estimated is given by:

i

A[i] = ~)s[k] +n[k]}· {s[k - NJ + n[k - Nc]r .
hi-eNe-I)

The estimation of the angle of this vector is given by:

o [i] =L.A[i] =tan-1 Im(A[i])
est Re(A[i])'

(4.17)

(4.18)

where Re(x) and Im(x) denote respectively the real and imaginary part of x. For the error in the
phase estimation, the following relation now holds:

tanto -0)= 1m e-jf}A[i]
\: est Re e-jf}A[i]

For values of IOest - 01 « 1, the tangent can be approximated by its argument so that:

(4.19)
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B -B =1m e-
jO

A[i]
est Re e-jOA[i]

Irn[k.J{~)[k]+ n[kn· {s'[k1+n[k - No nJ
=----7---------------7-.-

R{.J{~)[k]+n[kn· {,[k] +n[k - No IIJ
i

~)m({s[k] + n[k]} ·{s*[k]+ n*[k - N c ]})

k;i-(Nc-I)
=-~-------------

I Re({s[k] +n[k]}· {s*[k]+ n*[k - N c ]})

k;i-(Nc-I)

(4.20)

At high signal-to-noise ratios this can be approximated by:

i

Ilm(s[k]n*[k- N c ] + n[k]s*[k])
k;i-(Nc-I)

Best - B = -------i--------

I Re(s[k]s*[k])
k;i-(Nc -I)

i

Ilm(s[k]n*[k - N c ] + n[k]s*[k])
k;i-(Nc -I)

=---------,--------
Ils[k]12

k;i-(Nc-I)

(4.21)

Herein it is assumed the real part is dominated by the squared signal term and the imaginary part is
dominated by the signal times noise terms. The error in the frequency offset estimation is directly
related to this error in the estimated phase by the following relationship:

(4.22)

where is denotes the sample frequency. If we now normalise the frequency offset to the subcarrier
spacing, it is given by:

!11 = B Is ._1_ = B Is . N = B N [subcarrier spacings] ,
2;r N c !1F 2;r N c Is 2;r N c

(4.23)

where /)"F denotes the subcarrier spacing and N denotes the number of subcarriers. From here on the
term frequency offset refers to the normalised frequency offset (in subcarrier spacings). The error
in the normalised error in frequency offset is then, combining (4.21) and (4.23), given by:
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From this it is found that the expected value is given by:

55

(4.24)

(4.25)

which shows this estimation algorithm for the CFO is unbiased. The variance of the estimation,
which equals the Mean Squared Error (MSE) since the algorithms is unbiased, can now be deter
mined as:

i

2:r Nc I Is[kll2
k=i-(Nc-l)

var(~.!esl-~f)=E(~.!esl-~fY-(E(~.!esl-~f)Y=E(~.!esl-~fY

i 2

N ~)m(s[kln·[k-Ncl+n[kls"[kl)
=E k=i-(Nc-l)

N' {J;I:(S[k]n' [k - NJ+II(kls[k]l]'
=------''----------------=--~

(2try Ne' {J~~k]I'J
The estimate in the denominator is given by:

(4.26)

{o,~!1)kJI'J~ E~S[i - Ne +I)]' + Is[i - Ne +1)]I'ls[i - Ne + 2)11' +...

+ Is[ilI2 Is[i -lll2
+ ... + IS[it) (4.27)

~ 2(~}.:+Np:+2!(:e~ 2)! +N}: ~ N;0':.
and the estimate in the nominator is given by:

E(,",t~(S[ k]n'[k - Nel +n[kls'[k]l]'

~{J(~:na, Wllln[k - N,]I +sin p, ·In[k]lls[k~l]'
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=E(sin
2ak • {Is[i-Nc+ IJI2 .\n[i-2Nc+IJ + '" + Is[it ·In[i-Nc+ IJ/2}+

sin2 13k .{Is[i - Nc+ 1JI2·!n[i - Nc+ IJI2}+ ... + Is[it 'In[iJI2})

1 22 1 22 22="2NcCFsCFn + "2NcCFsCFn = NcCFsCFn,

(4.28)

where ak and fJk denote the phases of the vectors resulting from a product of a noise and a signal
term. This leads to the following expression for the variance of the normalised frequency offset
estimate:

(4.29)

where p denotes the SNR per receive antenna, which equals cr.?/at

Fig. 4.14 depicts the theoretical derived variance of the estimation algorithm, as expressed in
(4.29), for different code lengths (Nc). As found in (4.29) the dependency of the estimation variance
on the code length is l/(Ncl So if the code length is doubled, the variance is divided by a factor of
8. This means a decrease of 9 dB in the variance (or MSE).
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Fig. 4.14: Variance ofthe frequency offset estimationfor different code lengths (Nc) as afunction ofthe SNR
per receive antenna.

MIMO OFDM
The derivation of the accuracy of the SISO OFDM algorithm can now be expanded to the MIMO
case. In that case we presume we are using a NtxNr configuration. Here the processing is not only
done over the code length, but also across the different antennas, as explained in Subsection 4.4.1.
The summation is first carried out across the different receive antennas to make the implementation
less complex (only one integrator/TDL necessary).
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The correlation metric, as expressed in (4.12), is given by:
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i

A[i] = Z>H[k- NJx[k]
k=i-(Nc-I)

= t I {sJk] + nJk]}. {sJk-NJ+ nn[k-NJ}*.
k=i-(Nc·l) n=1

(4.30)

The estimation of the phase can be done by:

o = LA[i] = tan-I Im(A[i]) .
est Re(A[i])

The following relation now gives the error in the phase estimation:

1m e- j(JA[i]
tan(O t -0)= .(J •

es Re e-j A[i]

At high signal-to-noise ratios, this can be approximated by:

(4.31 )

(4.32)

(4.33)

in which it is assumed that the squared value of the absolute value of the signal component is
dominant in the real part and the signal times noise terms are dominant in the imaginary part. The
error in the normalised error in frequency offset is than given by, using (4.23) and (4.33):

N t Ilm(sn[k]nn*[k-Nc]+nn[k]sn*[k])
k=i-(Nc-l) n=1

!1lest -!1f =-------·----"N-:-------

2;r Nc t IlsJkf
k=i-(Nc-l) n=!

From this it is found that the expected value is given by:

(4.34)

(4.35)

which shows it is an unbiased estimator, which is as expected, since the method did not change go
ing from SISO to MIMO. The variance of the estimated frequency offset is given by:
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var(~fest -~f)= E(~fest -~fY
2

N :t ~)m(sn[k]nn·[k-Ncl+nn[k]sn·[k])
= E k=i-(Nc -I) n=1

N' {~j;_" tIm(S.[k]n:[k - N<J+ n.[kls.'[k])J'

(211")' N<' {,t" tlS.[k1l'J'

(4.36)

The estimate in the denominator is given by:

(4.37)

and the estimate in the nominator is given by:

(4.38)

In expression (4.37) and (4.38) we calculated the estimates in a similar way as shown in (4.27) and
(4.28). This leads to the following expression for the variance of the frequency offset estimation for
a MIMO system:

(4.39)

Fig. 4.15 shows that the theoretical derived variance of the estimation algorithm, as expressed in
(4.39), for different number of antennas at the receivers (Nr). As observed from (4.39) the de
pendency on the code length is l/Nr• So, if the number of antennas at the receiver doubles, the vari
ance is divided by a factor of two. This means a decrease of 3 dB in the variance.

The goal is to make the total synchronisation of the MIMO OFDM systems as time efficient as
possible. But, we still want to achieve the same accuracy as in the SISO case, so the variance of the
estimator has to be equal to that of the SISO case. Hence; if for instance in the SISO system a code
length of 64 samples is used, and the number of receive antennas in the MIMO case equals 4, the
code length has to be approximately 41 samples long to keep to same performance of the algo-
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rithm. This is thus a reduction in time of approximately 36%. Note that a shorter code will also re
sult in a larger lock-in range of the estimation algorithm.
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Fig. 4.15: Variance ofthe frequency offset estimation for different number ofreceive antennas (Nr) as a func
tion ofthe SNRper receive antenna, with a code length of64 (Nc = 64).

4.4.3 Algorithm accuracy bound
The previous subsection derived the accuracy of the frequency offset estimation algorithm in an
AWGN environment. To evaluate how optimal this estimation algorithm is, this subsection derives
the lower bound on the variance from an information theoretical point of view. When the parame
ters of a distribution are estimated from samples having that same distribution, the Cramer-Rao
bound is useful in determining a lower bound on the variance ofthe estimator.

Cramer-Rao Bound

An indexed family of densities is denoted (f(x;w)}, where WEn and n is the parameter set, which
is the set of all possible values for w. Each probability density has the properties that f(x;w) 2: 0
and Jf(x;m)dx= 1 for all WEn. The Nc data samples Xl, X 2, . •• , X Nc have the distributionf(x;w). An

estimator T for the parameter w is a function of the data samples, so it can be written as T(Xt,
X2, •• •, XN). The estimator T is unbiased if the expected value of the output of the estimator is equal
to the estimated parameter w.

The unbiased Cramer-Rao bounds are the diagonal elements of the inverse of the Fisher informa
tion matrix J(w), whose typical element is given by:

(4.40)

where the expected value is with respect to the sample vector x and

a
KOJ =-log(f(x,m)).

, ami (4.41)

The Cramer-Rao inequality states that the lower bound of the MSE of an unbiased estimator T of
unknown parameter Wi is the inverse of the Fisher information:
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(4.42)

where TO}, is the estimate of OJi and .1;i-1 is the i-th diagonal element of the inverse ofJ.

Cramer-Rao lower bound for CFO estimator
Now it is tried to estimate the lower bound on the variance of the carrier frequency offset estimator.
The complex sample xn[i] = sn[i] + nn[i] are made up of a signal and a noise component. The vari
ances of the real and imaginary components are:

2

E[Re{sJi]}2] = E[Im{sn[i]}2] =!!.£,
2

(4.43)

(4.44)

making the SNRp per receive antenna to be (1//(1/ As defined in (4.30) and (4.31) the estimator of
the phase between the two succeeding symbols is given by:

Best = LA[i] = L i: I {Sn[i] + nn[i]}' {Sn[i - NcJ + nn[i - NcJ}*
k=i-(Nc-l) n=1

(4.45)

where i represents the correct symbol timing index. The Cramer-Rao bound for the carrier fre
quency offset estimator can be found using the method in [49], which is here extended to the case
of a MIMO system. To find the frequency offset, the phase difference ebetween two succeeding
symbols is estimated and divided by 2nNcfN, according to (4.22), in which N denotes the number of
subcarriers and Nc denotes the length of the symbol. Let x/ and x/ respectively denote samples
from the first and second training symbol, used for CFO estimation, separated by Nc samples, re
ceived on antenna n. The phase rotation caused by a carrier frequency offset is represented by £lB.
The product of conjugate ofx/ with x/ is given by:

( A)· B A A· B BXn Xn = (Sn + nn ) (Sn + nn )

I

A1
2

'0 A· B A· B A· B=Sn eJ + nn Sn + Sn nn + nn nn

I A12
·0 A· B B A·

~ Sn eJ +[Sn nn +Snnn ].

The variance of the signal term is:

and the variance of the real and imaginary parts of the noise times signal terms is given by:

(4.46)

(4.47)

(4.48)

(4.49)
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The product of the NrNcpairs of samples in equation (4.45) can be written in vector form as:

Z=X+jY,

X n =bcos(B) + w~,

y" =bsin(B) + w~,

61

(4.50)

(4.51)

(4.52)

where win and wq
n are the noise terms for the real and imaginary terms ofthe product. The variance

of both Win and wq
n is given by:

2 _ [i] _ [q] _ 2 2
U w - var W n - var W n - Us Un '

from equations (4.48) and (4.49). The variance of the amplitude value b is:

var[b] = a:.

(4.53)

(4.54)

Following the derivation in [49], the joint probability density function of vector Z with unknown
parameter a is:

(4.55)

where a, fl, and v are defined as:

,un [i] = bcos(B) ,

vJi] = bsin(B).

Whenj{Z;a) is given by (4.55), the elements ofJ, as defined in (4.40), are:

The partial derivates with respect to f) and bare:

B,u[i] = -b sin(B)
BB '

B,u[i] =cos(B)
Bb '

8v[i] = b cos(f)
of) ,

8v[i] = sin(e).
ob

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)



62 Synchronisation of Multiple-Input Multiple-Output OFDM

The Fisher information matrix is then simply calculated by substituting (4.60), (4.61), (4.62) and
(4.63) in (4.59), which yields:

(4.64)

and the inverse of this matrix is given by:

(4.65)

The Cramer-Rao lower bound on the variance of the estimate of the phase is then given by:

(4.66)

From this we can calculate the variance of the frequency offset. The relation between the phase and
the frequency offset is given by (4.23). Thus the Cramer-Rao bound, for the estimation of the fre
quency offset, by estimating the phase, is given by:

(4.67)

which is identical to (4.39). This is not surprising, because Moose shows in [33] that his estimator
is the maximum-likelihood estimator (MLE) of differential phase and Rife states in [49] that the
Cramer-Rao bound are almost met by the MLE with high SNR. Since this estimator for a MIMO is
an expansion of the one proposed by Moose, it was expected that this also agreed for the estimator
in the MIMO case. It can be concluded that the phase estimator is thus optimal for higher SNR. In
Chaper 5 results from simulations show the variance of the estimations and the comparison with
above-derived bound.

CFO estimation, by frequency estimation
Another way to estimate the frequency offset is by estimating the frequency, rather than the differ
ence in phase, as shown in the previous section. If we derive the Cramer-Rao bound for this estima
tion, parallel to [49] and the derivation above, we find the following expression:

(4.68)

in which the last approximation is valid for large values of Nc. In this we assumed we use a code
length of 2Nc, so two symbols, for the estimation. This is to make a fair comparison with the phase
estimation based algorithm, which uses two symbols for the correlation.

If we compare this result with what we found in (4.67), we conclude the variance of the bound is
decreased with a factor of 6/8, which is 1.25 dB. Thus estimating the frequency directly, instead of
calculating the phase of the correlation A, can yield in a better estimate. This is because the Fisher
information matrix shows, that more information is contained about the frequency.
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This way of estimation is not treated further in this report, since the gain in variance is only 1.25
dB and the complexity of such an algorithm approximating the Cramer-Rao bound will be high,
since it will have to depend on a kind of Maximum Likelihood Detection (MLD) algorithm. It is
left as a topic for further research.

4.5 Symbol Timing
Symbol timing is the algorithm finding the best point to start the decoding of the data packet, more
accurate than was already done by the coarse timing algorithm described in Section 4.3. Section 3.3
introduced the optimal timing point for a MIMO OFDM system and explained how it can be found,
when the impulse responses, corresponding to the different channel elements, are known. It was
found in Section 3.3 that the optimal timing is the timing yielding the highest signal-to
interference-ratio (SIR), as defined in (3.24). Section 3.4 showed the influence of timing offsets
from the optimal timing. It was found that the performance of the system clearly decreases, espe
cially in a high delay spread environment, due to the inter-symbol-interference (lSI) and inter
carrier-interference (lCI), that arise due to these timing offsets.

The symbol timing algorithm for the MIMO system is based on the knowledge of the transmitted
preamble, consisting of the cyclicly shifted orthogonal codes c, as defined in Subsection 4.2.2. Fig.
4.16 shows the received signal on the n-th receiver branch is down converted to baseband and fed
through a matched filter, which is matched to the transmitted preamble code c. Then the power of
the correlation outputs is calculated. Here, 17n[i] denotes the power of the matched filter output on
sample time i on receiver branch n.

17n [i]

Fig. 4.16: Block diagram ofmatchedfilter implementationfor receiver branch n.

The block diagram implementation of the matched filter is given in Fig. 4.17, which can be used to
correlate the input signal with the know trainings signal. Here, Ts is the sampling interval and Uj are
the matched filter coefficients, which are the time inverse complex conjugate of the known trans
mitted preamble code c. This means that for instance Uo is the complex conjugate of the last sample
of the transmitted code.

Input
--.-~

add signals

Fig. 4.17: Block diagram ofmatchedfilter that is matched to the transmitted MIMO OFDM
trainings symbol.

The power of the of the matched filter output 17n on sample time i is given by:

Nc-l

17Ji]= Lxn[i-k].uk
k=O

2 Nc-l

Lxn[i -k]· C~c-1-k
k=O

2

(4.69)

where Cj denotes the i-th component of the code c and xn[i] denotes the received baseband signal on
receiver branch n on sample time i. Basically, this timing algorithm is very similar to synchronisa
tion in a direct-sequence spread-spectrum receiver, where the input is correlated with a known
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spreading signal. This implementation can be regarded as a very simple spread spectrum channel
impulse response measurement system [48]. This means the output of the matched filter is an esti
mate of the impulse response.

The nonnalised output of the matched filter is depicted in Fig. 4.18a for three repetitions in time of
the code, of length 64 samples, for a SISO system. The channel is taken to be AWGN and the SNR
is assumed to be high. The peak clearly notes the tap of the channel impulse response (which con
sists of only one peak in this case). Clearly, there are some unwanted side lobes here (7 dB down
from the peak value), which are caused by the finite length of the used code. The influence of the
side lobes is reduced when regarding the power of the output, instead of the absolute value. This
nonnalised power is depicted in Fig. 4.18b. Here the first sidelobe are down more than 14dB.
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Fig. 4.18: Matchedfilter outputfor 3 trainings symbols for 8180

Since the codes are transmitted with a different cyclic shift on the different transmit antennas, as
explained in Subsection 4.2.2, the matched filter output will give the estimated impulse responses,
corresponding to the channel elements from the different transmitters to the regarded receiver, suc
cessive in time. This is depicted in Fig. 4.19a for a 2x2 MIMO system. It is clear that every code of
64 samples yields two estimated impulse responses, corresponding to the channel elements Hn1 and
H n2 for the n-th receiver branch. Note the repetition after 64 samples, which is caused by transmit
ting the code a number of times. Fig. 4.19b depicts the power of the matched filter output for a 4x4
MIMO system. Here, every block of 64 samples contains 4 impulse responses, corresponding to the
channel elements Hnh Hn2, Hn3 and Hn4 for the n-th receiver branch. Note again the repetitions.

It can now be seen, that using more transmitters, while applying the same code length, decreases
the allowed delay spread length. When the impulse response in the case of the 4x4 MIMO system
is longer than Ne/4 taps (i.e. 16 in the example), it will add to the impulse response corresponding
to the next channel element. In the 2x2 antenna configuration, this maximum length is Nel2 (i.e. 32
in the example). This maximum length of the impulse response is thus NjNt taps. When higher de
lay spreads should be coped with, a longer code should be chosen. Another solution is to use other
orthogonal codes that are not cyclicly shifted. This will though increase the receiver complexity, as
explained in Subsection 4.2.2.

Adding or averaging over the multiple estimates of the same impulse response, which occur due to
multiple transmissions of the code, decreases the influence of the noise on the estimate. Adding the
estimated impulse responses, corresponding to the different channel elements, and finding the
maximum of the window integrating over a window as long as the Guard Interval (GI) then yields
the optimal timing (see Section 3.3).
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Fig. 4.20 depicts a block scheme, which is an implementation of the above-described manipula
tions. The outputs of the block scheme in Fig. 4.16 performing the correlation, 'In, are summed.
This operation sums the impulse responses estimations, obtained on the different receiver branches.
Then, in the first tapped-delay-line (TDL), a summation over the Nrep repetitions in time, spaced Tc

apart, is made, which improves the SNR. In the second TDL, the impulse responses corresponding
to the Nt different transmitters are summed. These impulse response are spaced TiNt apart in time.
The last TDL implements the window integration, over the length of the GI. The integration is im
plemented as a summation in our discrete case. Finding the maximum of this output, fmds the op
timal symbol timing point.

symbol
timing

Fig. 4.20: Block diagram ofthe implementation ofadding over multiple receivers, repetitions ofthe code,
transmitters and multipath taps, to find the optimal timing.

This can be expressed in formula form as:

(4.70)
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Herein i can vary from sample Nc(Nrep-1 +{Ncl }/{N;} )+TdT. to NcNrep+TdTs, when the first sam
ple of the preamble is numbered 1. The optimal timing is now found by subtracting NcNrep from iest.
The interval in which the symbol timing can be estimated is thus smaller, when the number of
transmit antennas N; is larger. Therefore, the coarse timing has to be more accurate when more
transmit antennas are used (applying the same code length).

This implementation of the symbol timing assumes a common timing for all receiver branches. If
the timing for every branch is desired separately, the summation over the receiver branches should
be omitted in the implementation and the TDLs should be implemented for all receiver branches
separately.

The performance of the described symbol timing algorithm is evaluated in Section 5.5.



5 Performance evaluation simulation results

5.1 Introduction
Chapter 4 explains the theory of the synchronisation techniques and derives some theoretical accu
racy bounds of these algorithms. This chapter shows results of simulations applying these algo
rithms and evaluates the performance. Section 5.2 describes the system parameters and the channel
model used for the simulations. Section 5.3 compares the performance of the different frame detec
tion algorithms and their applicability as coarse timing algorithms is derived. In Section 5.4 the
frequency offset estimation algorithm, which is used for frequency synchronisation, is evaluated.
The algorithm for symbol timing is evaluated in Section 5.5. Section 5.6 compares the bit-error-rate
(BER) performance obtained for a system with the synchronisation algorithms implemented to the
performance of one with perfect synchronisation. In Section 5.7 conclusions are drawn from the
results presented in this chapter.

5.2 Simulation description
For the evaluation of the synchronisation algorithms for a Multiple-Input Multiple-Output (MIMO)
OFDM system, as described in Chapter 4, an in MATLAB implemented simulation platform is
used. A short description of the used parameters and channel model will be given herein. Another
part of the simulations is done with custom made software written in MATLAB, which is partly
contained in Appendix B.

5.2.1 Simulation parameters
In order to be able to compare simulations with results for current standardised Single-Input Single
Output (SISO) systems, the main parameters for the simulations are based on the OFDM standard
in the IEEE 802.11 standard [18]. These parameters are listed in Table 5.1.

Table 5.1: Parameters based on 1EEE 802.11 OFDM standard

Modulation BPSK, QPSK, l6-QAM, 64-QAM
Number of subcarriers 64
Number of data subcarriers 48
OFDM symbol duration 4 JlS

Guard interval 800 ns
Subcarrier spacing 312.5 kHz
-3 dB Bandwidth 16.56 MHz
Channel spacing 20 MHz

A key parameter, which largely determines the choice of the other parameters, is the guard interval
of 800 ns or 16 samples. This guard interval provides robustness to root-mean-squared (rms) delay
spreads up to several hundreds of nanoseconds, depending on the coding rate and modulation used.
In practice, this means that the modulation is robust enough to be used in any indoor environment,
including large factory buildings (see [41 D. It can also be used in outdoor environments, although
directional antennas may be needed in this case to reduce the delay spread to an acceptable amount
and to increase the range. These outdoor conditions are not considered in the simulations.

In order to limit the relative amount of power and time spent on the guard time to 1 dB, the symbol
duration was chosen to be 4 ~s. This also determined the subcarrier spacing to be 312.5 kHz, which
is the inverse of the symbol duration minus the guard time. By using 48 data subcarriers, uncoded
data rates of 12 to 72 Mbps can be achieved by using variable modulation types from BPSK to 64
QAM. Pilot subcarriers are implemented in the OFDM symbols, but not used for tracking in the
simulations, because this thesis is focussing on initial synchronisation. Also coding is not included
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in the simulations, since degradation of the raw (or uncoded) HER is used as a performance meas
ure.

5.2.2 Indoor Channel model
The channel model used in simulations is a stochastic one, which is described in detail in [67]. In
order to obtain a reliable indoor channel model, it is useful to examine the two main impairments
that the receiver must combat. The multipath is the dominant impairment for the indoor wireless
signal. The other major impairment is thermal noise, which is established predominately by the
Low Noise Amplifier (LNA) in the receiver front end.

From the references [15] and [40], it can be deduced that the multipath for indoor WLAN-systems
tends to fall off in time in an exponential way and it is often characterised by an exponentially de
cayed Rayleigh fading [48, pp.I72-174]. The physical mechanism driving this indoor characteristic
is mainly based on:

• the large number of reflectors within a typical building;
• the propagation loss characteristic, where longer propagation paths arriving linearly-later in

time have logarithmically-weaker energy.

The Power Delay Profile (PDP) for the exponentially decayed Rayleigh fading channel is shown in
Fig. 5.1. The PDP measures the mean signal power relative to its dispersion across time. The mean
power level establishes the variance of the corresponding Rayleigh components. The chief feature
one should note about exponentially decayed multipath is that on-average the strongest paths arrive
earliest in time since propagation delay is proportional to distance travelled as shown in Fig. 5.1.
When keeping radiated power constant, the received power drops off logarithmically with respect
to distance. It could appear that weaker paths do precede the Channel Impulse Response (CIR)
peak on a particular stochastic realisation, but on average their number is small, compared to the
number of components, which follow the CIR peak.
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Fig. 5.1: Exponentially decayed Power Delay Profile (PDP) [40].

The rms delay spread of the multipath can range from 20-50 ns for small-office and home-office
environments, 50-100 ns for commercial environments and 100-200 ns for factory environments.
These figures are obtained from [38] in which more values are reported. For exponentially faded
channels, the exponential decay constant is equal to the rms delay spread. So, for simulations, it is
convenient to use exponentially decayed Rayleigh fading, because its characteristics are fully de
fined by one single parameter, namely, the rms delay spread.

In a MIMO system there will generally be spatial correlation between the transmit antennas and
between the receive antennas. If the receive antennas are spaced far enough apart (> IJ2), the influ
ence of this correlation will be small [48]. The signals received on the different receive antennas
are thus regarded uncorrelated on average in simulations.



Chapter 5: Performance evaluation simulation results 69

5.3 Frame Detection / Coarse Timing
Section 4.3 proposed three algorithms for frame detection/coarse timing (FD/CT), which are all
based on the correlation between identical samples of a repeated symbol. In this section results
from simulations applying these algorithms are presented. These results are used to evaluate the
performance of the three synchronisation techniques, for different MIMO configurations and dif
ferent signal-to-noise ratios (SNRs). The preamble used for the simulations in this section is de
picted in Fig. 4.6 for a 2x2 MIMO system. The preamble consists of a repeated cyclicly shifted
orthogonal code of length Ne, with a cyclic prefix of Ng samples. The cyclic shift applied to the
code equals NJM. The preamble is followed by random OFDM symbols. The parameters used for
the FD/CT simulations are shown in Table 5.2. The exponential decayed PDP channel (see Subsec
tion 5.2.2) is applied, with a rms delay spread of 50 ns. The simulations are done for a SISO, a 2x2
and a 4x4 MIMO system for a SNR per receive antenna ranging from 0 dB to 25 dB. For every
SNR value 20000 Monte Carlo simulations have been carried out.

Table 5.2: Simulations parameters FD/CT algorithms.

Preamble SC orthogonal with cyclic shift, Fig. 4.6
Guard Time length N!!= 16
Preamble Symbol Length Ne=64
RMS Delay Spread 50 ns
Antenna configurations lxl,2x2,4x4
SNR 0- 25 dB
Number of Simulations 20000 for every SNR value

The implementation of the FD/CT algorithms gives rise to some problems for both the Schmidl
(4.9) and the Maximum-Normalised-Correlation (MNC) (4.10) criterion, when they are used in a
burst mode system. In such a system the preamble is preceded by noise at the receiver. In both
cases A (4.6), the value of the correlation of the signal with a time-delayed version, is divided by
the power of the samples P to get the metric. When this algorithm is applied to noise, the correla
tion A will be close to zero, but at the same time the power P will be very close to zero. Small val
ues of this power will thus cause peaks in the proposed metrics, because of the division by a small
P value. Since the algorithms searches for a maximum in this metric, the FD would detect the be
ginning of a frame, when none is present, resulting in a false alarm. In continuous transmission
systems (like DVB and DAB) this problem does not arise, since the power P is (more or less) con
stant over time.

To avoid these peaks in the metric, caused by values of the power that are close to zero, two im
plementation modifications can be made to the algorithms. First the metric can be made zero for
values of the correlation A below a certain threshold Amin. The second option is to make the metric
zero for values of the power P below a certain threshold Pmin. The latter method is applied to the
implementation of both the Schmidl and MNC algorithm. Pmin is set to a value 20 dB below the
average power that would be received when a packet was present. This method removes the spikes
in the metric and thus yields a much better performance.

The distribution of the estimated start of the packet is regarded as a measure for the performance of
the algorithms. Fig. 5.2, Fig. 5.3 and Fig. 5.4 depict the distribution for the estimated start of the
frame by respectively the Maximum-Correlation (MC), Schmidl and MNC algorithm. Section 4.3
explained that the estimated start could vary over the length of the guard interval (GI) for an
AWGN channel or multipath channel with low delay spread. When the distribution of the estimated
start is narrower, this means the coarse timing is more accurate.

Fig. 5.2a and Fig. 5.2b depict the distribution of the estimated start of the packet by the MC algo
rithm for a SNR per receive antenna of respectively 5 dB and 15 dB. We fmd in the GI region the
chance forms a slight hollow in the middle. This was also observed in the SISO analysis in [34],
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applying an OFDM preamble. This effect is theoretically explained in [36] and is also observed in
the results for the other two algorithms in Fig. 5.3 and Fig. 5.4. The highest chances of the esti
mated start are thus located at the beginning and end of the GI. Additionally, for the SISO configu
ration there is a lower plateau present from k = 0 to 10. There the chance is lower than for the other
plateau. The high Peak-to-Average-Power (PAP) of the OFDM symbols following the preamble, as
explained in Section 4.3, explains this plateau. Since the correlation output is still high there, a peak
in the OFDM symbol can cause a maximum in the metric A, causing the algorithm to estimate the
start of the symbol there. In the MIMO cases this plateau is not present, since the peaks are aver
aged out, since different OFDM symbols are send on the transmit antennas. Furthermore, Fig. 5.2
shows that at low SNR the algorithm performs best for the 2x2 configuration and at higher SNR for
the 4x4.

k

(b) SNR per RXantenna = 15 dB

Fig. 5.2: Distribution ofestimated startfor Me algorithmfor SISO, a 2x2 and a 4x4 MIMO configuration
for different SNR values.

Fig. 5.3a and Fig. 5.3b depict the distribution of the estimated start of the packet by the "adapted"
Schmidl algorithm for a SNR per receive antenna of respectively 5 dB and 15 dB. Fig. 5.3 shows
that at low SNR the algorithm performances significantly worse for 4x4 configuration than for the
other two. At high SNR values the algorithms seems to have good performance for all three con
figurations. The second plateau, which was observed in Fig. 5.2 for the SISO configuration, is not
present for the Schmidl criterion, since it corrects for the peaks in the OFDM symbol.
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Fig. 5.3: Distribution ofestimated start for Schmidl algorithm for a SISO, a 2x2 and a 4x4 MIMO configu
rationfor different SNR values.
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Fig. 5.4a and Fig. 5.4b depict the distribution of the estimated start of the packet by the "adapted"
MNC algorithm for a SNR per receive antenna of respectively 5 dB and 15 dB. Fig. 5.4 shows that
at low SNR the algorithm perfonnances significantly worse for the 4x4 configuration than for the
other two. At high SNR, the algorithm seems to achieve good perfonnance for all three configura
tions.

o
k

(b) SNR per RXantenna = 15 dB

10-4 L.-I-r~--,----'------~
-30 -20 -104020-40 -20 0

k

(a) SNRper RX antenna = 5 dB

Fig. 5.4: Distribution ofestimated startfor MNC algorithm for a SISO, a 2x2 and a 4x4 M1MO configura-
tionfor different SNR values.

The distributions above show a lot of infonnation, but they do not reveal the chance of correct and
misdetection. Hence, it is not clear what percentage of the time the coarse timing is good enough or
similarly what percentage of the time the frame is detected correctly. The timing failure probability,
as introduced in [34], is used as a perfonnance measure. It is given by:

(5.1)

which represents the probability that the coarse frame synchroniser misses an interval of 2m + I
samples centred at the mean coarse frame synchronisation position E(kesl)' It can thus be considered
as a measure for the robustness of the FD/CT algorithm.

Fig. 5.5, Fig. 5.6 and Fig. 5.7 depict the simulated timing failure probability Ptt{m) as a function of
SNR per receive antennas for the MC, Schmidl and MNC frame synchroniser algorithms for re
spectively the SISO, 2x2 MIMO and 4x4 MIMO configuration. The figures depict the chance of
missing a ±8-interval (continuous curves) and a ±16-interval (dashed curves).

Fig. 5.5 reveals flattening ofPtt{m) at high SNR values for all three algorithms for a SISO configu
ration. At low SNR the MC criterion perfonns best of the three, but at high SNR the Schmidl and
MNC criterion outperfonn the MC criterion. For m = 8 the MNC algorithm is superior at high SNR
and for m = 16 the Schmidl algorithm perfonns best at high SNR.

Fig. 5.6 shows that the MC criterion has the best perfonnance at low SNR for m = 8, but flattens at
high SNR. The SchmidI criterion also shows this flattening at high SNR. Although the MNC crite
rion has the worst perfonnance at low SNR, it outperfonns the other algorithms at high SNR. For
m = 16 the flattening for the MC and Schmidl criterion is less extreme. The point before which the
MC algorithm and after which the MNC algorithm perfonns best, is for m = 8 and m = 16 located
at a SNR of respectively 14 and 8 dB.
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Fig. 5.5: Timing failure probability Ptim) for a S1S0 configuration as function ofthe SNR per receive
antennafor intervals m = 8 (continuous curves) and m = 16 (dashed curves).
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Fig. 5.6: Timing failure probability Ptim) for a 2x2 M1MO configuration as function ofthe SNR per receive
antennafor intervals m = 8 (continuous curves) and m = 16 (dashed curves).

From Fig. 5.7 it is concluded that for the 4x4 configuration none of the algorithms shows a severe
flattening, as was observed in the previous two figures. For m = 8, the MC algorithm show best
perfonnance, up to a SNR of 18 dB, above which the MNC algorithm is superior. For m = 16, the
MC criterion is clearly the one having the best perfonnance. High SNR values are not shown for
this case, since not enough simulations are run to achieve accurate values for Ptf(m) there.

From the results above it can be concluded that for low SNR values the MC algorithm is clearly the
best choose for coarse timing and frame detection, but due to the severe flatting of Ptt<:m) for the
MC criterion at high SNR values, the use of the NINC criterion would be preferable there.
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Fig. 5.7: Timingfailure probability Ptim) for a 4x4 MIMO configuration as jUnction ofthe SNR per receive
antenna for intervals m = 8 (continuous curves) and m = /6 (dashed curves).

5.4 Frequency Synchronisation
In Section 4.4 the frequency synchronisation algorithm is proposed and its accuracy is derived. The
algorithm is based on phase increment estimation, between identical samples of a repeated symbol.
It is shown in that section the Carrier Frequency Offset (CFO) estimator is the Maximum Likeli
hood (ML) estimator, since its variance approximates the Cramer-Rao lower bound for high SNR
values. The preamble we use for the simulations in this section is depicted in Fig. 5.8 for a 2x2
MIMO system. The preamble consists of a repeated cyclicly shifted orthogonal code of length Nc

with a guard interval ofNg = Nj2. The preamble is followed by random OFDM data symbols.

= J:-=b:I~---~~::------r )
-Ng 0 Nc 2Nc time (samples)

Fig. 5.8: Preamble using cyclicly shifted orthogonal codes for a MIMO configuration with 2 transmitters.

Fig. 5.9 depicts single estimations of the frequency offset algorithm for a frequency offset up to one
subcarrier spacing at a SNR per receive antenna of 6 dB and a nns delay spread of 50 ns. A code
length Nc of 64 samples is used for a 2x2 MIMO system. The actual frequency offset is plotted
against the estimated one with the continuous curve. The dashed curve shows the perfect estimate.
For all depicted results, the estimate is very close to the real value, although there is generally a
small error.
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Fig. 5.9: Estimated FO versus actual FO, for SNR of6 dB, rms delay spread of50 ns,
2x2 M1MO system, Nc = 64.

Drawing conclusions from Fig. 5.9 is difficult, since it depicts only a single estimate per CFO
value. To be able to evaluate the performance of the algorithm, the statistics of the estimation re
sults have to be regarded. Fig. 5.1 0 depicts the distribution ofthe error of the CFO estimation algo
rithm (in subcarrier spacings) for different values of the SNR per receive antenna. The simulations
are done with the preamble depicted in Fig. 5.8, with a code length Nc is 64. An Additive White
Gaussian Noise (AWGN) channel is used for the simulations. For every SNR value 10000 Monte
Carlo simulations are carried out, with a FO of 0.2 times the subcarrier spacing.

The histograms in Fig. 5.IOa, Fig. 5.l0b, Fig. 5.IOc shows the distribution of the estimation error
for respectively a SISO, a 2x2 MIMO system and a 4x4 MIMO system. From these figures it is
clear the distribution becomes wider for smaller values of the SNR, thus less accurate. At high SNR
(Le. larger than 30 dB) the estimation errors are very close (within the resolution) to zero. At a
SNR of 0 dB the distribution is between -0.06 and 0.06 times the subcarrier spacing for the SISO
case. For the 2x2 MIMO configuration this is between -0.04 and 0.04 times the subcarrier spacing
and for the 4x4 MIMO configuration this is between -0.025 and 0.025 times the subcarrier spacing.
The distribution is narrower for a higher number of receive antennas. This means the algorithm is
more accurate for MIMO configurations with more receive antennas. Simulations show that the
number of transmit antennas does not influence the distribution and thus the accuracy.
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Fig. 5.10: Simulated CFO acquisition error histograms for preamble with code length of64 samples, in an
A WGN channel.

These distributions can be described by means of their variance and mean. These values (and thus
the distribution) are not depended on the applied value of the CFO, as long as the CFO is well
within the lock-in range, as defined in Section 4.4. This will be proven further in this section.

The mean of the error of the estimator is zero, as shown theoretically in Section 4.4, since the esti
mator is unbiased. This can also be observed in Fig. 5.10. The variance of the normalised error (in
subcarrier spacings), or mean squared error (MSE), is depicted in Fig. 5.11 as a function of the
SNR per receive antenna for a SISO system. The variance of the estimation error equals the vari
ance of the estimate, since the algorithm is unbiased. The variance is plotted for preambles consist
ing of codes with different lengths Nc. An AWGN channel is used. In the simulations a CFO of 0.2
times the subcarrier spacing is applied. For every SNR value 10000 Monte Carlo simulations have
been carried out.

The dotted curves in Fig. 5. 11 depict the theoretical values from expression (4.39), which equal the
Cramer-Rao lower bound. It is clear that the simulated results agree well to the theoretical ones for
SNR values above 10 dB. For lower SNR the theoretical value underestimates the values of the
variance obtained from simulations. This means the performance of the estimator is worse there
than what would be expected from the theoretical derivation. This is explained by the approxima
tion that is made going from (4.20) to (4.21). These results confirm the dependency of the variance
on the code length to the power -3. Hence, doubling the code length results in a 9 dB decrease in
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variance. Note also the bend in the curve for Nc = 144 at a SNR of2 dB. This will be explained fur
ther on in this section.
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Fig. 5.11: Variance ofthe CFO estimate as function ofthe SNR per receive antenna for a SISO system with
different code lengths (Nc), from theory (dotted curves) and Monte Carlo simulations (continuous curves)

for an A WGN channel.

Also for a MIMO system the mean of the estimation error is zero, as was expected by the fact that
the estimator is unbiased. Fig. 5.12 depicts the variance of the estimation as function of the SNR
per receive antenna for an AWGN channel. The results are shown for a SISO, a 2x2, a 3x3 and a
4x4 MIMO system. The simulations are carried out for a CFO of 0.2 times the subcarrier spacing.
A code length Nc of 64 samples is used. Again 10000 Monte Carlo simulations have been carried
out per SNR value.
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The dotted curves in Fig. 5.12 depict the theoretical values, as derived in Subsection 4.4.2, which
equal the Cramer-Rao lower bound. Again the simulated results agree well to the theoretical ones
for SNR values above 10 dB. For lower SNR, the theoretical value underestimates the value of the
variance obtained from simulations. Again, this can be explained by the above-mentioned ap
proximation in the derivation. These results confIrm the dependency of the variance on the number
of receive antennas, to the power -1. Hence, doubling of the number of receive antennas results in
a 3 dB decrease in variance.

In the above regarded simulations the channel is assumed to be AWGN, so additive noise at the
receiver and no multipath propagation. In a realistic radio channel this will not be the case, since
multipath will be inevitable. Fig. 5.13 compares the variance of the CFO estimation error obtained
from simulations, applying the channel as described in Subsection 5.2.2, to results found from
simulations using the AWGN channel and to the theoretical bound. For every SNR value 10000
Monte Carlo simulations have been carried out, with a CFO of 0.2 times the subcarrier spacing.
The simulations are done for a flat fading channel and for channels with a rms delay spread (tds) of
80 ns, 150 ns and 300 ns. Fig. 5.13 depicts the results for both a SISO (continuous curves) and a
4x4 MIMO (dashed curves) system.
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Fig. 5.13: Variance ofthe CFO estimate asfunction ofthe SNRper receive antennafor a SISO (continuous
curves) and a 4x4 MIMO (dashed curves) system with code length (NJ of64,from theory and Monte Carlo

simulations for an A WGN channel and expo decayed PDP with Rayleigh fading channels.

It is clear from Fig. 5.13 that for the SISO case the variance is highest for channels with low delay
spread. The estimation algorithm shows the worst results for the flat fading case. The degradation
is about 14 dB compared to the AWGN case. This can be explained by the fact that a fade would
cause the whole channel to be poor in the flat fading case, yielding a large error in the estimation.
This large error causes the variance of the estimation to increase severely. A channel with high de
lay spread is more frequency selective, causing only a small part of the frequency band to be in a
fade. The estimation will thus never be very wrong, yielding a lower variance.

For the 4x4 confIguration, the variance of the algorithm is also smaller for higher delay spreads,
although the differences are very small. Even in de flat fading case the degradation is only 0.35 dB
compared to the AWGN case. This can be explained by the fact that the chance is low that all
MIMO channel elements show a fade at the same time. This causes the estimate never to be very
wrong and thus yields a lower variance compared to the SISO case for the same delay spread. This
result shows that the MIMO version of the estimation algorithm is more robust against low delay
spread values than the SISO version. From Fig. 5.13 it is clear that in the MIMO case the variance
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of the CFO estimate for the channels with the exponential decayed PDP is also well described by
expression (4.39) for high SNR.

In Section 4.4 we defined the lock-in range of the CFO estimation algorithm as being the maximum
CFO that can be detected by the algorithm, avoiding phase ambiguity in the algorithm. This range
is given by (4.14). Hence, for a code length of 16 samples the theoretical lock-in range of the algo
rithm is 2 times the subcarrier spacing and for a code length of 64 samples that is 0.5 times the sub
carrier spacing.

At the start of this section we assumed the accuracy of the algorithm did not depend on the applied
CFO, as long as this frequency offset would be well within the lock-in range. To evaluate this state
ment, we calculated the variance of the CFO estimate for different values ofCFO. Fig. 5.14 shows
the results for a code length Nc of 16 and a code length Nc of 64 samples and for a SNR per RX
antennas values of 6 dB and 20 dB for a 2x2 MIMO configuration. The variance of the estimate is
plotted against the actual CFO. For every CFO value 10000 Monte Carlo simulations have been
carried out. An AWGN channel is used.

From this figure, it is clear that for CFO values near the boundary of the lock-in range, the variance
of the estimate is higher than for values further from this boundary. In the flat middle part, the
value is close to the Cramer-Rao bound for high SNR. For CFO values within the lock-in range,
but outside the flat part, the estimation is worse than would be expected from the theoretical
evaluation. For lower values of the SNR this flat part gets even smaller.

So for a code length of 64 samples, for CFO with an absolute value greater than 0.4 times the sub
carrier spacing for a SNR of 20 dB and 0.37 times the subcarrier spacing for a SNR of 6 dB, the
performance deteriorates from the theoretical value. For a code length of 16 samples, for CFO with
an absolute value greater than 1.9 times the subcarrier spacing for a SNR of 20 dB and 1.6 times
the subcarrier spacing for a SNR of 6 dB, the performance deteriorates from the theoretical value.
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Fig. 5.14: Variance ofthe CFO estimate error asfunction ofthe SNRper receive antennafor a 2x2 MIMO
system with code length (Nc) of16 (continuous curves) and 64 (dashed curves), for an AWGN channel and

SNRs of6 dB and 20 dB.

This effect also explains the bend in the curve for a code length of 144 at a SNR of 2 dB in Fig.
5.11. As explained above the flat part of the curve decreases when the SNR decreases. At the point
of the bend, the FO of 0.2 times the subcarrier spacing falls outside the flat part of the variance, so
the curve of the variance is steeper there.
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5.5 Symbol Timing
In Section 4.5 the symbol timing (ST) algorithm and its implementation is proposed, based on the
optimal symbol timing for MIMO OFDM that was proposed in Section 3.3. The algorithm is based
on the knowledge of the transmitted preamble. Using a sliding correlator or matched filter, esti
mates of the impulse responses, corresponding to the different channel elements, are found. These
estimates are used to find the optimal symbol timing point.

The performance of the ST algorithm for different MIMO antenna configurations is evaluated us
ing Monte Carlo simulations results. Furthermore, simulations evaluate the optimality of the "op
timal timing" proposed in Section 3.3 and the difference in performance between joint timing for
the whole MIMO receiver and separate timing per MIMO receiver branch is assessed.

The signal-to-interference ratio (SIR) is regarded as a measure of the performance of the timing.
The SIR is defined in expression (3.24). We here introduce a modified version ofthe SIR to be able
to compare the performance of the timing for the whole receiver to that of the timing per MIMO
receiver branch. This SIR is given by:

K TJ+TG K DO

S~ =L f Ilhn(r~12 dr, S: =L ]lhn(r~12dr,
n=! T~ n=! -DO

(5.2)

where Sui is the useful signal power, S/ is the total received signal power, To
i is the timing instance,

TG is the Guard Interval (GI) length and hn denotes impulse response n corresponding to the n-th
MIMO channel element. For the joint timing for the whole receiver L = 1 and K = NNn since there
is only one timing instant To

i for all branches. For the timing per receiver branch L = Nr and K = Nt,
where To

i denotes the timing instant for the i-th receiver branch. The calculated useful and total
signal powers are summed over the different branches to calculate the SIR.

Fig. 5.15 depicts the mean of the SIR for the optimal (continuous curves) and for the suboptimal
timing (dashed curves) as function of the rms delay spread. The suboptimal timing algorithm
searches for the peak in (sum of) the impulse response(s). For every point in the figure 5000 Monte
Carlo simulations have been carried out. For every simulation channel impulse responses are gen
erated and a timing is derived. From this timing the SIR is calculated.

It is clear that the SIR decreases with increasing delay spread, which is caused by both a decrease
in useful signal power Su and an increase in interference power St - Su (see Fig. 5.17). This can be
explained by the number of taps of the impulse responses that increases with increasing value of
delay spread. The power of the taps that are contained in the interval [To

i
, To

i+TG] decreases, since
the total power of the impulse response is normalised to 1. This causes a decline in useful signal
power SUo The amount of interference power St - Su increases, since the number of tabs of the im
pulse responses falling outside the interval [To

i
, To

i+TG] increases.

For the optimal timing, there exists a notable difference in the SIR for the SISO configuration and
the SIR for the 2x2 MIMO configuration. Between the 2x2 MIMO and the higher MIMO configu
ration (Le. with more antennas) the difference in SIR is much less. The decrease in SIR is caused
by the fact that the optimal timing is now found by averaging over multiple impulse responses,
causing the timing to be suboptimal for all individual impulse responses, as explained in Section
3.3.

This averaging over more impulse responses, caused by going to higher MIMO configurations, in
creases the SIR for the maximum tap search algorithm. The MIMO version of this algorithm first
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sums the powers of the different impulse responses and then searches for the peak in the output.
This summation partly removes the influence of fading and makes the result more and more resem
ble the exponential decayed PDP. This causes the estimation start to be closer to the first tap of the
impulse response, which is often a better timing point than the peak of an individual impulse re
sponse.
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Fig. 5.15: SIR for optimal timing (continuous curves) andfor suboptimal "maximum tap search" timing
(dashed curves) for different MIMO antenna configurations.

Fig. 5.16 depicts the mean difference between the SIR for the optimal and suboptimal maximum
tap searching algorithm. The difference in SIR is smaller for larger values of delay spread. The dif
ference is smaller for higher MIMO configurations, which is caused by the fact that the perform
ance of the suboptimal timing improves and the performance of the optimal timing worsens, as was
shown in Fig. 5.15.
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Fig. 5.16: Difference in SIR between optimal and suboptimal symbol timingfor different
MIMO antenna configurations.
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Fig. 5.17 depicts the mean interference power St - Su as function of the rms delay spread for both
the optimal joint timing for the whole receiver (continuous curves) and for the optimal timing per
MIMO receiver branch (dashed curves). The figure shows the interference increases when the de
lay spread increases, as was explained above. The difference between the two timing methods is
not perceptible from the figure, since the dashed curves lay on the corresponding continuous ones.
The difference in interference between the two types of timing is thus very small.
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rms delay spread (ns)

300

Fig. 5.17: Amount ofinterference caused by optimal symbol timingfor total receiver (continuous curves) and
per receiver branch (dashed curves).

Although the difference in performance between the two kinds of symbol timing is very small, it is
interesting to see how this difference varies as function of the rms delay spread. Therefore, we de
fine the normalised difference in SIR as:

_ SI~er branch - SIRtom! RX
~SIR - ----'-~-----=--

SI~otal_RX
(5.3)

where SIRper_branch denotes the SIR resulting from the timing per RX branch and SIRtotal_RX denotes
the SIR resulting from the joint timing for the whole receiver. Fig. 5.18 depicts the mean of the dif
ference in SIR I1SIR (in percent) as a function of the rms delay spread. For the SISO configuration
I1sIR obviously equals zero, since there is only one channel element/impulse response (and one re
ceiver). For the MIMO configurations the difference increases with an increasing value of the delay
spread. It is also observed that the higher the MIMO configuration the lower the difference in SIR
between the two timing methods. All values of I1sIR, for the regarded MIMO configuration and de
lay spreads, stay well below 0.2% and are considered negligible. It is thus concluded that the tim
ing per receiver branch does perform better than the timing for the whole receiver at once, since
I1SIR ~ 0, but that the difference is marginal, even for high values ofrms delay spread.

The joint timing for all receiver branches is regarded the best choice, since its performance is neg
ligible worse and it only introduces a single timing. The timing per MIMO receive branch would
introduce Nr individual timings. A single timing makes the signal processing afterwards easier, as
was explained Section 3.3.2.
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Fig. 5.18: Normalised difference (%) in SIR between timing per receiver branch andjoint timingfor the total
receiver as function ofthe rms delay spread

The evaluation above assumed perfect knowledge of the channel elements or impulse responses.
Section 4.5 explained that the perfect knowledge of the impulse responses is not available at the
receiver, but only estimates of these impulse responses from the output of the sliding correlator or
matched filter. These estimates are not fully accurate because of the limited length of the preamble
code and the presence of noise in the input signal of the matched filter/sliding correlator. Therefore,
the estimated start of the frame can vary from what would be found ideally. For the simulations a
single carrier preamble based on cyclicly shifted orthogonal codes, as depicted in Fig. 5.8 for a 2x2
MIMO configuration, is used. The outcome of the algorithm implementing the joint optimal sym
bol timing for the whole receiver, as explained in Section 4.5, is compared with the optimal symbol
timing that would be found with perfect knowledge ofthe channel impulse responses.

Fig. 5.19 depicts the mean squared value of difference between optimal timing moment found by
the algorithm and the actual optimal timing point as function of the SNR per receive antenna for a
SISO and a 2x2 MIMO system. This value equals the mean squared error (MSE) of the timing.
5000 Monte Carlo simulations have been carried out for every SNR value. A code length Nc of 64
samples and a multipath channel with a rms delay spread of 80 ns are used. It is clear the algorithm
performs better for the 2x2 MIMO than for the SISO configuration. The MSE seems to flatten for
both configurations for increasing SNR, which indicates there is certain maximum accuracy of the
symbol timing algorithm. For SNR values above 5 dB the MSE is below 4 samples for SISO and
below 3 samples for 2x2 MIMO, which can be considered a reasonable accuracy.

Fig. 5.20 depicts the MSE of the timing algorithm as function ofthe SNR per receive antenna for a
SISO, a 2x2 MIMO and a 4x4 MIMO system. 2500 Monte Carlo simulations have been carried out
for every SNR value. A code length Nc of 256 samples and a multipath channel with a rms delay
spread of 150 ns is used.

The SISO case seems to already reach an irreducible accuracy floor of 0.75 at a SNR of 0 dB,
where the 2x2 MIMO case only reaches the irreducible accuracy floor of 0.28 at a SNR of 7.5 dB.
The 4x4 MIMO version does not show this bound in the depicted SNR range. At low SNR the two
MIMO algorithms perform worse than the SISO, having a higher variance, but above a SNR of
odB it is clear that the performance is best for the 4x4 MIMO configuration, followed by the 2x2
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MIMO configuration. Comparing Fig. 5.20 with Fig. 5.19 clearly shows the timing algorithm is
more accurate for higher code lengths.
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tenna configuration, code length Nc = 64, rms delay spread = 80 ns.
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Fig. 5.20: MSE ofsymbol timing as afunction ofthe SNRper RX antenna for a S1S0, a 2x2 M1MOand a
4x4 M1MO antenna configuration, code length Nc = 256, rms delay spread = 150 ns.

5.6 Overall bit-error-rate performance
The perfonnance of the synchronisation algorithms individually is evaluated in the previous sec
tions, but the questions arises how the application of these synchronisation algorithms together in-
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fluences the performance of the MIMO OFDM system. This influence is found by comparing the
bit-error-rate (BER) curve obtained from simulations with perfect synchronisation, with the one
obtained from a simulation in which the synchronisation algorithms from Chapter 4 are imple
mented. In the implementation, the start of the packet is estimated by the Maximum-Correlation
(MC) frame detection/coarse timing (FD/CT) algorithm. Then the CFO is estimated, using the
coarse timing from the FD/CT, applying the algorithm based on phase increment estimation. After
that, the signal is corrected for the estimated frequency offset. Finally, the symbol timing is carried
out.

Fig. 5.8 shows an example of the preamble used for synchronisation in the simulations for a MIMO
system with 2 transmitters. The GI length Ng equals 16 samples and the length of the code Nc is 64
samples. The maximum CFO that can be estimated using this preamble is 0.5 times the subcarrier
spacing. If this range is not large enough, this preamble could be preceded by a repeated short code
of for instance 16 samples, which could be used for coarse CFO estimation. Random channels and
random frequency offset (within the estimation range) are generated. Note that as long the CFO is
within the flat part of the lock-in range (see Fig. 5.14) the value of the applied CFO does not mat
ter. A BPSK modulated OFDM data packet follows the preamble. The packet length is 16 f.1S inde
pendent of the antenna configuration. This relates to a packet data length of 96 byte for 4x4
MIMO, 48 byte for 2x2 MIMO and 24 byte for SISO. The channel training is assumed perfect,
since we are only interested in the influence of the synchronisation algorithms.

Fig. 5.21, Fig. 5.22 and Fig. 5.23 depict the BER curves for a SISO, a 2x2 MIMO and a 4x4
MIMO system for a multipath channel with a rms delay spread of respectively 50 ns, 150 ns and
300 ns. Note that the depicted SNR is the SNR per receive antenna. To get the bit-energy-to-noise
density ratio Eb/No, this value should be divided by N((64/80)'(48/64) to compensate for the multi
ple transmit antennas, the loss due to the Guard Interval and the loss due to the subcarriers that are
not used. The BER curves are depicted for both perfect synchronisation (continuous curves) and for
the implementation of the synchronisation algorithms (dashed curves). In the perfect synchronisa
tion it is assumed that there is no error in the CFO estimation and thus no CFO left after correction.
The perfect symbol timing instant is located at the first sample after the GI.

Fig. 5.21 shows that for a rms delay spread of 50 ns the synchronisation causes most BER degrada
tion at low SNR values. The degradation at low SNR is highest for the SISO system, followed by
the 2x2 MIMO system. For the 4x4 MIMO system the degradation seems to be the smallest. This
can be explained by the CFO estimation, whose variance decreases with increasing SNR and num
ber of receive antennas (see Section 4.3 and 5.3). At high SNR the BER curves of the implementa
tion and the perfect synchronisation are very close. From this it is clear that the implementation of
the synchronisation algorithms only shows some BER degradation at low SNR values for a typical
delay spread for an office environment, mainly for low MIMO configurations (i.e. with low num
ber of antennas).

Fig. 5.22 shows that for a rms delay spread of 150 ns the synchronisation causes the same BER
degradation at low SNR values, as was found in Fig. 5.21. Again this is caused by the error in the
CFO estimation, which is highest at low SNR. At high SNR values now also degradation arises,
which is similar for all configurations. The degradation resembles the BER degradation found in
Subsection 3.4.2 due to timing errors. In this section it was also shown that the degradation was
equal for all MIMO configurations, which we also observe in Fig. 5.22. Therefore, it is concluded
that the degradation at high SNR is most likely caused by timing (frame detection/symbol timing)
errors. From this it is clear the implementation of the synchronisation algorithms for high delay
spreads shows some BER degradation at low SNR and more degradation at high SNR.



Chapter 5: Performance evaluation simulation results 85

302510 15 20
SNR per RX antenna (dB)

5

10
0

----::::~~~=--=-::---=:==--=-:::=::=:c::=:::::=::T=~::::::::::::J=::::::::::::::=:::::::::~r:======,=======,=======>-= = >- =~----------
=::::::=:::=::=::::=:::=::::==::::~:: ~ ~:: _ 1 x 1
------,-------t-------t-- - t- - -e- 2 2
~-----I-------~------~-- ~-- X
..~ ... ..- _' ~ ~ -~ -- -e- 4 x 4

':'~ : : : I

~ ~,~ =====:I=~~~~~~t~~~~~~t~~~~~~t~~~~~:

======1_~~~ _ =- - _==- ===E======E======E======1 l!rIlI I I I
- - - 1- - - - - - - _. - - - - - (- - - - - - - 1- - - - -- - -

______ L_____ _ L L _

, "

I \ ! I
______ I L___ _ L L _

======1='=-==-===1====- -- ==-=.===~.:.====::
======C::::=====C=.-=::::-- ---==L==- _
------~------~------~ --- - - ---~------

------~------~------~- --- --~------

------~------~------~---, , ,
------I-------~------~------

I I I I
I I I I

======~======~======~======~=== -=~ -==--:::::I:::::::C::::::C::::::C::::_--- ---
----I-------I-------r-------t-------- --- --

------~------~------~------~------~--- -
------I-------~------~------~------~-

---- -1--- ---1-------1-- I --,-

______ L L L L L __
\ I I I \

4 I I 1 I 110· '--__-'--- --"---__-----'--- -----1. L--__

o

0:::
w
co

Fig. 5.21: BER curves for a 8180, a 2x2 M1MO and a 4x4 M1MO system with perfect synchronisation (con
tinuous curves) and with implementation ofsynchronisation algorithms (dashed curves) for a rms delay

spread of50 ns.
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Fig. 5.22: BER curves for a 8180, a 2x2 M1MO and a 4x4 M1MO system with perfect synchronisation (con
tinuous curves) and with implementation ofsynchronisation algorithms (dashed curves) for a rms delay

spread of150 ns.

Fig. 5.23 shows that for a rms delay spread of 300 ns the synchronisation causes similar BER deg
radation at low SNR values, as was found in Fig. 5.21 and Fig. 5.22. This is again caused by the
error in the CFO estimation. At high SNR values the degradation is now very high. The degrada-
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tion is worst for the 4x4 MIMO system, which shows degradation over the whole depicted SNR
range. This is most likely caused by the small cyclic shift applied to the orthogonal codes for the
4x4 MIMO system (see Section 4.5), making it more susceptible to delay spread. With this high
delay spread values, it is no longer possible to distinguish the individual estimates of the impulse
responses at the matched filter output, since they are longer than NJNt• This makes the BER degra
dation due to timing errors even worse for the 4x4 MIMO system. From this it is clear the imple
mentation of the synchronisation algorithms for very high delay spreads shows great BER degrada
tion especially for MIMO configurations with many antennas.
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Fig. 5.23: HER curves for a 8180, a 2x2 M1MO and a 4x4 M1MO system with perfect synchronisation (con
tinuous curves) and with implementation ofsynchronisation algorithms (dashed curves) for a rms delay

spread of300 ns.

5.7 Conclusions
In this chapter we evaluated the performance of the algorithms proposed in Chapter 4 for the syn
chronisation of a MIMO OFDM radio system. This was done using Monte Carlo simulations, with
the parameters and the channel model explained in Section 5.2.

First the three proposed frame detection/coarse timing algorithms were evaluated, that are the
Maximum-Correlation (MC) criterion, the Schmidl criterion and the Maximum-Normalised
Correlation (MNC) criterion. From the distributions of the estimated start of the packets, it can be
concluded that all algorithms generally perform better at low SNR for SISO configurations than for
MIMO configuration and at high SNR this is the other way around. The calculation of the timing
failure probability revealed that generally the MC criterion performs best at low SNR, but that the
MNC algorithm is preferable at high SNR.

The performance of the frequency synchronisation was evaluated with simulation results in Section
5.4. From the distribution of the errors in the estimated CFO from simulations, it was concluded
that the estimation becomes more accurate for increasing SNR and increasing number of receive
antennas. A doubling of the SNR or number of receive antennas yields a 3 dB lower variance of the
estimation, whereas a doubling of the code length yields a 9 dB lower variance. At high SNR, the
variances of the estimations obtained from simulations agree well to the theoretical values from
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Section 4.4. The variances are also close to the Cramer-Rao bound, thus the algorithm achieves the
Maximum Likelihood estimation. Simulations with multipath channels showed the variance de
creases with increasing delay spread. The MIMO version of the algorithm was shown to be less
susceptible to low delay spread. For the 4x4 antenna configuration the degradation compared to the
AWGN case was small. The maximum degradation was 0.35 dB. For the SISO configuration a
maximum degradation of 14 dB was found. The lock-in range (i.e. the amount of CFO that can be
handled) of the algorithm was found to decrease from the theoretical value for lower SNRs, be
cause the higher noise power increases the uncertainties around the boundaries of the lock-in range.
Within the lock-in range the variance of the estimation error has a constant value.

The symbol timing evaluation in Section 5.5 revealed that the optimal timing proposed in Section
3.3 shows best perfonnance in tenns of the achieved signal-to-interference ratio (SIR). The SIR
decreases when higher MIMO configurations are used, whereas the perfonnance of the sub optimal
"maximum tap searching" algorithm increases with the number of antennas. It both cases the SIR
decreases with increasing nns delay spread. This means the difference between the SIR perfonn
ance of the two timing methods decreases when more antennas are used. The difference in SIR
found by joint timing for the whole receiver and timing per MIMO receiver branch is very small
and almost negligible for small delay spread values. The difference increases when the nns delay
spread gets higher and decreases with the number of antennas. It is concluded that a joint timing for
the whole receiver is preferred, since the degradation in SIR compared to the separate timing per
receiver branch is negligible and since it introduces a single timing, easing the further signal proc
essing.

In the evaluation of the symbol timing algorithm, as proposed in Section 4.5, the mean squared er
ror (MSE) is used as perfonnance metric. Simulation results show that the MSE as function of the
SNR shows an irreducible accuracy floor, whose value depends on the MIMO configuration. For
higher MIMO configurations this value is lower, thus the algorithm is more accurate there. A
higher preamble/code length results in a better accuracy of the symbol timing algorithm.

The overall perfonnance of the system with the synchronisation algorithms implemented is evalu
ated by comparing the BER perfonnance to that of a system with perfect synchronisation. At typi
cal office nns delay spread values, the degradation is only significant at low SNR, due to the error
that arises in the estimation of the frequency offset. At higher delay spread values, degradation also
arises at high SNR values, caused by timing errors. At very high delay spread the degradation is
notable over the full SNR range, mainly at a high number of TX antennas. This is caused by the
fact that the preamble is not designed for these amounts of delay spread, and so the different im
pulse responses can no longer be distinguished. This can be enhanced by using either longer codes
or by the use of a different orthogonal code on every transmitter branch instead of the cyclicly
shifted orthogonal codes.



6 Real-life implementation test

6.1 Introduction
The algorithms that were proposed in Chapter 4 for synchronisation of a MIMO OFDM communi
cation system, have been evaluated with simulations in the previous chapter. To assess whether
they would work in a real-life system, some verification tests have been done using the TRIO
(TRiple Input Output) broadband Multiple-Input Multiple-Output (MIMO) testbed developed at the
Network and Entertainment Division of Agere Systems in Nieuwegein, the Netherlands. Section
6.2 describes the basic configuration and design choices of the MIMO testbed. The description of
the measurements is contained in Section 6.3. In Section 6.4 we present the results of the algorithm
verification measurements that were carried out for this project. Finally, in Section 6.5 some con
clusions are drawn from the results of the real-life implementation tests.

6.2 TRIO - the 3x3 MIMO Test System
In Agere Systems, a Multiple-Input Multiple-Output (MIMO) test system is built with two goals:
first to verifY the theoretical MIMO propagation studies and second to serve as a platform for
MIMO algorithm development. With the testbed (broadband) MIMO channel measurements can be
performed to reach the first goal. Furthermore, these measurements will form a basis for algorithm
selection and development. As a platform for algorithm development, different approaches for
MIMO decoding and synchronisation can be explored quickly by keeping the
processing off-line to avoid implementation problems. Once a promising algorithm is found, efforts
could be made to implement it in the test system to demonstrate the algorithm in real-time.

6.2.1 Configuration
To have enough flexibility in achieving above goals, the testbed was built-up with in-house devel
oped components. To access this dedicated hardware, two Personal Computers (PCs) are used as
transmitter (TX) and receiver (RX) platform. Each PC contains three boards, where every single
board represents a transmitter or receiver branch, resulting in a 3x3 MIMO system as depicted in
Fig. 6.1. Every board consists of a baseband part, an Intermediate Frequency (IF) part and a Radio
Frequency (RF) front-end based on a 5.x GHz GaAs radio chip. The test system operates in the
5-GHz ISM band, and is capable of transmitting broadband signals with a bandwidth up to 20
MHz. A picture of the transmitter equipment is given in Fig. 6.2.

For the moment, the TX and RX platforms are frame synchronised with a cable, meaning the RX
starts receiving when the transmitter triggers it. Soon the synchronisation will be implemented
through the air by transmitting a known preamble, applying one of frame detection algorithms in
troduced in Section 4.3.

Transmitter

_____________________ 1

Frame Sync. Cable

Receiver

Fig. 6.1: Schematic ofthe TRIO system.
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6.2.2 Hardware
The baseband processing is built around two (with a possible extension to three) Field Programma
ble Gate Arrays (FPGAs) per board (see Fig. 6.3 for a schematic representation of a baseband
board). The FPGAs that are used are Xilinx Virtex 800's. The FPGAs can be reprogrammed and/or
accessed via the ISA bus very easily, thus, provide a flexible baseband solution. The baseband
boards are capable of transmission and reception, while (for the moment) the IF and RF part are
only set up to transmit or receive, respectively, for the TX and RX platform, so that only the
respective parts of the baseband boards are used.

Baseband
board

IF board

Fig. 6.2: Transmitter equipment: a PC with three boards representing the three transmitter branches.

The transmitter sends signals at zero-IF, meaning that it can send baseband signals centred around
oHz. To transmit such a signal, an in-phase (I) and quadrature (Q) part must be available, i.e., the
baseband signal is complex and its real and complex part are needed for further processing. The I
and Q signals are converted to the analogue domain by the Digital-to-Analogue converters (DACs)
and after filtering sent to the IF and RF stage, where they are up-converted to the carrier frequency
and sent by the TX antennas.

At the receiver, the received signals are down-converted to low-IF signals, meaning that the base
band board gets a signal that is centred around a low Intermediate Frequency (for the TRIO system
it is chosen to be 15 MHz). The down-conversion to baseband is done in the digital domain. The
advantage of this so-called sampled-IF principle is that the DC-component can be easily filtered out
and that I-Q imbalance is (hardly) not introduced. The baseband transmitter, however, is sending at
zero-IF, so I-Q mismatches might occur, but since this then only happens at one side of the link (at
TX), it can easily be calibrated.

As mentioned before, the FPGAs provide a flexible baseband solution. It is, for instance, possible
to load the FPGAs with a real-time implementation of the baseband processing. In that way, the
boards can run stand-alone and real-time. Moreover, if they are connected to a Medium Access
Control (MAC) board using the MAC connectors (denoted by "MAC cIt in Fig. 6.3), a complete
point-to-point link can be tested.

It is also possible to program the FPGAs as memory banks and perform the necessary processing
off-line. At the transmitter, waveforms can be loaded into and sent from the memory banks and
they can be recorded at the receiver. These recorded data can then be processed off-line in software
(so not in real-time), to calibrate the system, do channel measurements, perform capacity analysis,
compare different MIMO algorithms, etc.
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The RS 485 connector that is shown in Fig. 6.3, is used as an interface between the TX and RX to
do the frame synchronisation that is being done per cable for the moment.

RS485

Fig. 6.3: Schematic representation ofa TRIO baseband board.

6.3 Real-life test description
For the test we constructed a preamble, which is suitable for frame detection, frequency offset es
timation and symbol timing. Fig. 5.8 depicts the constructed preamble, with a code length Nc = 64
samples and a Guard Interval (GI) length of Ng = 16 samples. Note that the preamble is identical to
the one used in the implementation simulations of Section 5.6.

The three antennas at both transmitter and receiver were spaced 10 em apart (see Fig. 6.2). The re
ceiver was placed stationary and the transmitter was mounted on a trolley so it could easily be
placed on different locations. The tests were carried out in the RF-lab on floor 1 of the Zadelstede
building of Agere Systems in Nieuwegein. Fig. 6.4 depicts a schematic of the measurement setup.
Measurements were carried out for the TX and RX having Line-of-Sight (LOS), spaced 0.75 me
tres apart (TX LOS in Fig. 6.4) and for the TX and RX having Non-Line-of-Sight (NLOS), spaced
3.50 metres apart (TX NLOS in Fig. 6.4). Distances that small were applied since the transmit
power per MIMO transmitter branch was limited to -10 dBm for the moment. In the NLOS-case
the depicted wall blocks the direct path. Processing is carried out offline.

Fig. 6.4: Schematic ofthe measurement setup.
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6.4 Measurement results
For the moment only few measurement have been carried out, so the results presented in this sec
tion are based on single realisations. Measurements are ongoing to find results on a statistical basis.
Table 6.1 shows the results of applying the synchronisation algorithms to the real-life measure
ments. The same algorithms are used as in Section 5.6 for the implementation simulations.

The start of the packet is estimated by the Maximum-Correlation (MC) frame detection/coarse tim
ing (FD/CT) algorithm. In the FD/CT results of Table 6.1, 0 denotes the first sample of the first
complete code (of length Nc) in the preamble following the GI. The Carrier Frequency Offset
(CFO) estimation outcome is the momentary estimate of the frequency estimate, using the two
symbols of length Nc following the coarse timing instant. The results in Table 6.1 are given in kHz.
Note that a CFO of 10kHz relates to 3.2% of the subcarrier spacing. The symbol timing finds the
best timing instant for the FFT. In the results of Table 6.1, 0 denotes the first sample after the GI of
the OFDM symbol.

The measurements, whose results are depicted in Table 6.1, are done at the same time for the three
receivers configurations. For instance the Ix I, 1x2 and Ix3 measurement are done simultaneously,
which enables us to compare the results of the synchronisation algorithms for these measurements.

Table 6.1: Synchronisation algorithm results.

LOSINLOS CODfie:uration FD/CT CFO Est. (kHz) Symbol TimiDe:

LOS, 75 cm Ixl -5 6.987 -I
LOS, 75 cm Ix2 -12 6.543 -I
LOS, 75 cm Ix3 -12 6.726 -I

LOS, 75 cm 2xl -5 10.525 -7
LOS, 75 cm 2x2 -4 10.357 -7
LOS, 75 cm 2x3 -4 10.377 -8

LOS, 75 cm 3xl 4 14.345 -3
LOS, 75 cm 3x2 2 14.986 -3
LOS, 75 cm 3x3 2 15.101 -3

NLOS, 350 cm lxl 2 5.901 -1
NLOS, 350 cm lx2 3 5.442 -1
NLOS, 350 cm lx3 1 3.869 -1

NLOS, 350 cm 2xl 3 2.828 -7
NLOS, 350 cm 2x2 -1 2.706 -8
NLOS, 350 cm 2x3 -14 3.675 -8

NLOS, 350 cm 3xl -12 4.989 -2
NLOS, 350 cm 3x2 -13 5.342 0
NLOS, 350 cm 3x3 -13 5.574 -5

The results of the FD/CT are all within a range of 18 samples, where a range of 16 samples would
be expected in an AWGN channel with high SNR. If we compare this to the in Fig. 5.2 depicted
results from simulations in a multipath environment, it can be concluded all results fall within the
expected range. Fig. 6.5 shows the MC metric A for both the lxl LOS and the 2x3 NLOS configu
ration. The results resemble Fig. 4.9 and show the maximum is far above the correlation values
caused by the OFDM symbols following the preamble. The metric is almost zero for the noise pre
ceding the preamble at the receiver. Note also the plateau at the maximum value, which shows the
nns delay spread is not that high and that the SNR is high for both measurements (see Section 4.3).
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Fig. 6.5: Frame Detection, Maximum-Correlation metric.

The frequency offset estimates in Table 6.1, for the different MIMO configurations measured at the
same time, are similar, although there are some differences. These differences in the estimates are
caused both by the difference in accuracy due to the different MIMO configurations, but also by the
fact that the system experiences phase noise. The latter effect is not regarded in the derivation and
simulations in the previous chapters. There is currently no way of finding the error in the CFO es
timation, since we only know the instantaneous value provided by the estimation.

The symbol timing, found by the joint optimal timing algorithm, shows the timing is estimated in
all cases within a range of 8 samples, where a range of 16 samples is allowed in the AWGN case
due to the GI. The timing instances are all estimated in the second half of the GI, meaning the Inter
Symbol-Interference (lSI) is minimised. Generally, the timing found with different MIMO configu
rations for the same measurement are very close, except for the last NLOS measurement applying 3
transmitters. This indicates a significant difference in the impulse responses corresponding to the
different MIMO channel elements.
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Fig. 6.6: Matched Filter output usedfor symbol timing.

Fig. 6.6a depicts the output of the matched filter/sliding correlator, which performs the correlation
with one code word, of one of the receiver branches for the NLOS transmission with two MIMO
transmitters. We observe 6 peaks in the outcome spaced 32 samples apart. The first two cannot be
used since they are caused by the GI of the preamble and the last two cannot be used because they
are affected by the following OFDM symbol. The symbol timing algorithm only uses the centre
two estimated channel impulse responses. The influence of noise is clearly visible between the im
pulse responses.
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For 3 transmitters it is clear from Fig. 6.6b that again only the centre estimated impulse responses
are useful for symbol timing. Note the distance between the different peaks of the impulse re
sponses is now only 16 samples, since the cyclic shift is changed in the transmitted preamble. It is
clear that there is a difference between the estimated impulse responses corresponding to the chan
nel elements from the different transmitters to this receiver.

6.5 Conclusions
Although only a small number of tests is carried out for the moment, it can be concluded that the
timing algorithms show good results for all these tests. The error in the CFO estimation cannot be
found, since the actual frequency offset is not known. Since the different configurations show simi
lar results for the estimates for the different MIMO configurations, we conclude the estimates of
the CFO are also good.

More tests are needed to derive statistical results about the performance of the synchronisation al
gorithms. If a channel estimation algorithm is implemented together with the synchronisation algo
rithms, the bit-error-rate of the received signal can be found. Furthermore, tests in different rooms
with different distances between transmitter and receiver (yielding different SNR values) should be
carried out to get a good insight in the performance.



7 Conclusions and Recommendations

Combining the spectral efficiency of Multiple-Input Multiple-Output (MIMO) with the robustness
against frequency selective fading and narrowband interference of Orthogonal Frequency Division
Multiplexing (OFDM) is regarded as a very promising basis for future high data rate radio commu
nication systems. The project described in this thesis had the objectives of finding the influence of
timing and frequency offset on the performance of a MIMO OFDM radio system and designing
synchronisation methods for such a system.

First, the basics of both techniques (i.e. MIMO and OFDM) have been explained in this thesis and
the application of the combination has been clarified. The influence of frequency and timing offset
on a MIMO OFDM system has been derived theoretically and evaluated from results of bit-error
rate (BER) simulations. Optimal symbol timing has been proposed for a MIMO OFDM system, to
obtain the maximum achievable performance.

The second objective of the project was designing synchronisation methods for the proposed sys
tem. Data-aided synchronisation, in which the data transmission is preceded by a preamble, is re
garded for the design. This is namely the best option for bursty communication as is the case in the
foreseen application, i.e. next generation wireless LANs. Two preambles are proposed for synchro
nisation of a MIMO system. The synchronisation is divided into three parts: the Frame Detec
tion/Coarse Timing (FD/CT), Frequency Synchronisation and Symbol Timing. Synchronisation
methods and block-diagrams for implementation are proposed. The performance of the FD/CT and
the Symbol Timing is derived by simulations. The performance of the frequency synchronisation
algorithm is evaluated both theoretically and by simulations. Finally, the performance of the com
bination of the synchronisation algorithms is evaluated by BER simulations. Next to these simula
tions, the performance of the algorithms has been tested by measurements with the 3x3 MIMO
testbed of Agere Systems.

7.1 Conclusions
• Regarding the influence of frequency offset (FO) it is found it causes a rotation of the sig

nal constellation points progressive in time and reduces the amplitude of the wanted sub
carrier. It also introduces inter-carrier-interference (ICI), since the subcarriers are not or
thogonal anymore. From BER simulation results it is concluded that a MIMO OFDM sys
tem is as sensitive to FO as a SISO OFDM system, when transmitting for the same length
of time, but is less sensitive when a certain (fixed) packet data length is transmitted.

• The influence of timing offset on the signal-to-noise-and-interference (SNIR) shows the
amount of timing offset that is allowed, without causing a decrease in SNIR. Next to a de
crease in SNIR, the timing offset gives rise to a progressive phase rotation of the signal
constellation in the frequency domain, which is zero at the centre subcarrier and increases
linearly towards the edges of the frequency band. It is shown that this rotation is removed
implicitly by correcting for the estimated channel. From BER simulation results it is con
cluded that the influence of the timing offset on the BER does not differ much, between the
SISO and MIMO case, but that the MIMO system is less sensitive to negative timing off
sets in high delay spread cases.

• The optimal symbol timing for a SISO OFDM system is presented and expanded to be ap
plicable for a MIMO OFDM system. It is shown theoretically and from simulation results
that this method minimises the amount of inter-symbol-interference (lSI) and ICI.

• Three algorithms for frame detection/coarse timing are proposed and evaluated, that are the
Maximum-Correlation (MC) criterion, the Schmidl criterion and the Maximum
Normalised-Correlation (MNC) criterion. From the distributions of the estimated start of
the packets, it can be concluded that at low SNR all algorithm perform generally best for
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the SISO configuration and at high SNR values for the MIMO configurations. The calcula
tion of the timing failure probability revealed that in general the MC criterion performs
best at low SNR, but that the MNC algorithm is preferable at high SNR.

• The proposed frequency synchronisation algorithm is based on phase increment estimation.
The theoretical bound of the accuracy is shown to agree to the Cramer-Rao lower bound.
This means the algorithm achieves the Maximum Likelihood estimation. The estimation
becomes more accurate for higher SNR, code lengths and number of receive antennas. A
doubling of the SNR or number of receive antennas yields a 3 dB lower variance, whereas
a doubling of the code length yields a 9 dB lower variance. Simulation results with Addi
tive White Gaussian Noise (AWGN) channels agree well to the theoretical bounds for SNR
values above 10 dB. From simulations with multipath channels the MIMO version of the
algorithm was found less susceptible to low delay spread. The lock-in range (Le. the
amount ofCFO that can be handled) of the algorithm was found to decrease from the theo
retical value for lower SNRs, because the higher noise power increases the uncertainties
around the boundaries of the lock-in range. Within the lock-in range the variance of the es
timation error has a constant value.

• The symbol timing is based on the knowledge of the transmitted preamble. Two ways of
synchronising a MIMO OFDM system are proposed: timing per MIMO receiver branch
and joint timing for the whole MIMO receiver. Simulations show the difference in per
formance increases for higher values of the rms delay spread and decreases with the num
ber of antennas. Nevertheless, the difference is very small and almost negligible for small
delay spread values. Therefore and since it introduces only a single timing, it is concluded
that joint timing for the whole receiver is preferable.

• The mean squared error (MSE) of the symbol timing algorithm, obtained from simulations,
shows an irreducible accuracy floor at high SNR, of which the level is dependent on the
number of transmitters and receivers. For higher MIMO configurations the value of this
floor is lower, thus the algorithm achieves a higher accuracy. A higher preamble/code
length also results in a better accuracy of the symbol timing algorithm.

• The overall performance of the implementation of the algorithms is evaluated by com
paring the achieved BER performance to that of a system where perfect synchronisation is
assumed. At typical office rms delay spread values, the degradation is only significant at
low SNR, due to the error that arises in the estimation of the frequency offset. At higher
delay spread values, degradation also arises at high SNR values, caused by timing errors.
At very high delay spread the degradation is notable over the full SNR range, mainly in
MIMO configuration with a high number of transmitters.

• Implementation for the MIMO testbed of the synchronisation algorithms shows they per
form also well in a real-life system environment, although more tests are required to derive
statistical results.

• From all the results presented in this thesis, it can be concluded that in general the pro
posed synchronisation techniques for MIMO OFDM show similar or better performance
than their SISO OFDM counterparts and that their implementation gives rise to only a
small degradation in performance. The complexity of the proposed synchronisation is in
the same order of that of the algorithms for SISO synchronisation, making them a promis
ing solution.

7.2 Recommendations for further work
In this thesis the influence of the system impairments frequency and timing offset on a MIMO
OFDM system has been treated. The influence has been evaluated for a system using the Zero
Forcing MIMO decoding algorithm, but the influence on a system applying other MIMO algo
rithms like for instance Minimum Mean Square Error (MMSE) and Maximum Likelihood Detec
tion (MLD) [64] is still an open issue. Furthermore, the influence of other system impairments like
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quantisation noise, IQ-imbalance, phase noise, clipping, non-linear amplifiers and timing jitter on
the performance of a MIMO OFDM system is also interesting and worthwhile to further investi
gate. Another open topic is the performance of a MIMO OFDM communication link in a real-life
system, where it experiences interferences from other users.

Considering the synchronisation of the MIMO OFDM system, this thesis focussed on data-aided
initial synchronisation or acquisition. In addition to the proposed algorithms for time and frequency
synchronisation, suitable algorithms for Automatic Gain Control (AGC) and channel acquisition
have to be developed. Based on the combination of these acquisition algorithms a preamble has to
be proposed, which provides enough accuracy and at the same time is time-efficient (minimising
the amount of overhead). Besides the acquisition, algorithms for tracking (of for instance the fre
quency offset) have to be developed, to keep the system synchronised during the reception of a
packet. These algorithms can be based on pilot-aided synchronisation, but also blind synchronisa
tion might be a promising option to investigate.

In the nearby future, also practical work needs to be done, e.g., to check the assumptions we have
made about the MIMO channel, using the TRIO testbed for MIMO channel measurements. In addi
tion, more tests for the implementation of the synchronisation algorithms for the testbed have to be
carried out, to find the performance of the algorithms implemented in a real-life system on a statis
tical basis.
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Appendix A: OFDM 802.11a Trainings Preamble
Fig. A.l shows the trainings preamble field that is proposed in the 802.11 a WLAN standard [18]
for synchronisation and channel training. It consists of 10 short symbols and two long symbols,
which will be described further in this subsection. The figure shows the OFDM training structure,
where tl to tlO denote short training symbols and Tl and T2 denote the two long training symbols.
The signal field and data follow the preamble. The total training length is 16 j..lS.

8 J.ls

~()()~

~ TGl2 X'-__T_l_---JXI...__T2__~(--·

• • •
AGC and Coarse Frequency Offset Timing, Fine Frequency OffSet and Channel Estimation

Fig, A.I: 802.IIa OFDMpreamble, [18].

A short OFDM training symbol consists of 12 subcarriers, which are modulated by the elements of
the sequence S, given by:

8-26:26 = "./(13/6) {O, 0, l+j, 0, 0, 0, -1-j, 0, 0, 0, l+j, 0, 0,0, -1-j, 0, 0, 0,
-1-j, 0,0,0, l+j, 0, 0, 0, 0, 0, 0,0, -l-j, 0, 0, 0, -l-j, 0, 0,0, l+j, 0, 0, 0, (AI)
1+j, 0, 0, 0, 1+j, 0, 0, 0, l+j, O,O}.

The multiplication by a factor of "./(13/6) is done in order to normalise the average power of the
resulting OFDM symbol, which utilizes 12 out of 52 subcarriers. The signal shall be generated ac
cording to the following equation:

(A2)

where Tshort is the duration of the short trainings symbols, which is equal to ten periods, NSf is the
number of subcarriers (52), ~F is the subcarrier frequency spacing (= 20/64 MHz = 312,5 kHz) and
WT is the windowing function given by:

(A3)

where Ts is the duration of one sample, which is 50 ns in the case the sampling frequency Is = 20
Msamples/s.

The fact that only spectral lines of 8-26:26 with indices that are a multiple of 4 have nonzero ampli
tude results in a periodicity of Tw rl4 = 0.8 j..ls. TFFT is the FFT interval and equals lI~F' This means
the short trainings symbol has a length of 16 samples. The interval T,hort is equal to ten 0.8 j..lS peri
ods (i.e., 8 j..ls), which equals 10 times 16 samples.

There are two reasons for using relatively short symbols in this part of the training: first, the short
symbol period makes it possible to do a coarse frequency offset estimation, with a large unambigu
ous range. Since for a repetitive signal with period of T, the maximum measurable unambiguous
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frequency offset is 1/(21), since the phase change from one symbol to another invoked by the fre
quency offset is larger than n, see Section 4.4.

The second reason for using short symbols is that they provide a convenient way to perform Auto
matic Gain Control (AGC) and Frame Detection (FD), see Section 4.3. The advantage of doing the
AGC during the short symbols is that there are many repetitions in a short time, which makes it
easier to do several measurements and gain adjustments during the training [41].

A long OFDM training symbol consists of 53 subcarriers (including a zero value at DC), which are
modulated by the elements of the sequence L, given by:

L-26:26 = {I, 1, -1, -1, 1, 1, -1, 1, -1, 1, 1, 1, 1, 1, 1, -1, -1, 1, 1, -1, 1, -1, 1, 1,
1, 1,0, 1, -1, -1, 1, 1, -1, 1, -1, 1, -1, -1, -1, -1, -1, 1, 1, -1, -1, 1, -1, 1, -1, 1, (A.4)
1,1,1}.

A long OFDM training symbol shall be generated according to the following equation:

(A.5)

where TG12 = 1.6 J..ls. 1[ong = 8 J..lS is the length of the long symbol (= 160 samples) and WT denotes
the window functions as defined in (A.3). Cyclic extending the IFFT output signal to a length of
8 J..ls forms the long symbol. The symbol thus contains two and a half times the original IFFT dura
tion. The first 1.6 J..lS (TGd serves as guard interval, which is a copy of the last 1.6 J..lS of the IFFT
signal. This guard time is depicted in Fig. A.l as TG12.

Sending the long symbol twice is done for two reasons. First it makes it possible to do precise fre
quency offset estimation, using the two equivalent and adjacent long training FFT symbols (see
Section 4.4). The second reason is the channel training can be done with a noise level that is 3dB
lower than the noise level of the data symbols, by averaging over the two training symbols [41].
The sections of short repetitions and long repetitions shall be concatenated to form the preamble:

'preamble(t) ='short (t) + liang (t-T:hort) . (A.6)



Appendix B: Used Software
This appendix contains a part of the software programmed in MATLAB, which is used for simula
tions in Chapter 5.

Frame Detection/Coarse Timing
The function FrameStart_est. m estimates the beginning of the packet for a number of SNR
values. The number of receive antennas, the used preamble, the delay spread and the number of
experiments have to be input to the function. As output it gives the estimated start found by the MC
(est_startl), Schmidl (est_start2) and MNC criterion (est_start3).

function [est_startl,est_start2,est start3] = Frame8tart est(snr_vec,Pre,nr,tau,exp)

of pac.'.ket bv
of packet b-;..
of pa.cket by

~6 Inputs:
%

%
% Outputs:

%

snr vee '::: snr vector (in dB)
Pre-=: fn:earnb1.e to be used (Nc=64 ~

nr ~:::. number- of recei.ve antennas
tau :::: rInS delay f:~pread {in ns)
exp -.:::: number of experj.ment.s
est startl estimated start
est-start2 estimated start
est-start3 = estiolated start

Ng=16, foJ.J.o\';ed by ra.ndom OFDM: data.)

H"C c.ri terion
SClllUidl criterioIl
{>tINC crj.terion

Nc = 64; % J.enqth of trai.ni.ng code
siz = size(Pre);
nt = siz (1) ; % the number of transmi t alltenllaf;~

signal = [zeros(nt,128) ,Pre]; % Transmif.>s:i.cns i_E> preceded by zeros

exper = 1;
while(exper <= exp);

%~. - - - ....- - - - - - - - Channe 1.
tau nor = tau/50;
channeltype = 1;

channellength

Part--------·--------
~£ ncn~ma.J.J.sed cieJ.a.y sprea.d (sa.mpJ.es} I ]. sampJ.e =A 50ns
% 0: AWGN f 1.: Rayl.e.i.gh f 2: Ri.cian f 3 ~ f;election div ...::r-si ty f

16 4,: Equal gain combinin~L 5: 2 - £.)ath model
= ceil (10*tau_nor) ;

for i = l:nt,
for k = l:nr,

channel (k+(i-l)*nr, :) = getchan(channeltype,tau_nor,channellength,O);
rx«i-l)*nr+k,:) = conv(signal(i,:),channel(k+(i-l)*nr,:»);

end
end

rsig = O*rx(l:nr,:);
for k = l:nr,

for i = l:nt,
rsig(k,:) = rsig(k,:) + rx«i-l)*nr+k,:); '1 rEJ.g contai.nE m: l:ecei.ved E:!.9na.J.s

end
end

for snr_count = l:length(snr_~ec),

%-------------Recelver ~Olse---------

snr =
Noise
alpha
rsign

snr vec(snr count);
(randn(nr~length(rsig» + j*randn(nr,length(rsig»)/sqrt(2);

= 10 A(snr/l0);
= rsig + sqrt(l/alpha)*Noise;

%.. ······--Frame Start Et3timatioll
siz = size (rsign) ;
8(1) = 0; % initialisation
P (1) = 0;

for i=2:siz(2)-2*Nc
8(i) = 8(i-l) + sum(rsign(:,i+Nc).*conj(rsign(:,i+2*Nc»)) - ...

sum(rsign(:,i) .*conj (rsign(:,i+Nc»};
P(i) = P(i-l) + sum(abs(rsign(:,i+Nc-l».A2 ) - sum(abs(rsign(:,i-l».A 2 )

end
P = shift(P,-I);

[m n] = find(p
P(n) = 1;

0) i 15 removes the 1.nfl. of beiJinninq and end of the Prf.:~amble

~.; Me C:ri terion
Ml = abs(8);
Ml = Ml(Nc+l:300);
[a b] = max(Ml);
est_start1 (exper,snr_count) b - 81 i 5,$ l~emove offset caused by process J.nq
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% Schmidl Criterion
for i = l:length(P)-Nc,

M2(i) = (abs(S(i)) ."2)/(P(i+Nc) ."2);
if P(i+Nc) <= (nt*Nc"2)/100,

M2 (i) = 0;
end

end
M2 = M2(Nc+l:300);
[a b] = max(M2);
est_start2(exper,snr_count) b - 81i ~~ remove offset c;:-luscd by pt:occssin9

~, 1>1NC cx:1.t.erion
for i = l:length(P)-Nc,

M3(i) = (4*abs(S(i)) ."2)/(P(i+Nc)+P(i)) ."2;
if (P(i+Nc)+P(i)) <= (nt*Nc"2)/100,

M3 (i) = 0;
end

end

end
M3 = M3(Nc+l:300);
[a b] = max(M3);
est_start3(exper,snr_count)

end
exper=exper+l

b - 81 i ~, rerno'l,.re cffset caused by procesE.n.ng

Frequency Offset estimation
The function Foffset_est. m estimates the frequency offset for a certain applied frequency
offset for a number of SNR values. The number of receive antennas, the used preamble, the delay
spread and the number of experiments have to be input to the function. As output it gives the mean
squared error (MSE) for all the SNRs and the vector with estimated frequency offsets.

function [mse,df_est] = Foffset_est(df,snr_vec,Pre,nr,tau,exp)

1: TClput s :

~6

1; GutPl~tS:

df. = f.requency offset \in Hz)
snr vee :::: snr vector (in dB)
Pre·····::::; pr(~etn;ble to be u.sed (Nc:.::64; Ng= 32! followed by L'andom OFDr~1 data)
ny -;;; number of rec'ei ve 3.ntennas
tau:::: :Lms delay spread (in !IS)
exp := number of experi.ments
mse = mean sqtlare error of estimation
df ...est: v,,:;ctcr Gf f:~sL.imated fr{;~(.pl,,~~ncy off.sf:~t.S

Fa_ BB = 2 OE6; ~j; s;;\mpl i ng frequency

siz = size(Pre);
nt = siz(l}; % determine the number of transmit antennas

t = (1: length (Pre)) . ' /Fs BB;
FO res = exp(-j*2*pi*df*t);
for i=l:nt,

signal(i,:) Pre(i,:).*FO_res.'; % Apply the influence of the .E:t:equency offset
end

exper = 1;
while(exper <= exp) ,

t- ·_·············Cllannel Part··
tau nor = tau/50;
channeltype=1 ;

channel length =

~~ NC)1:maLi.sed delay spread (samples), 1 sample ::::-" .50ns
1; 0: A~\jGN, 1; Ray1ei9h, 2; Ric:ian, 3; SelectiDn diverfJ:itYf
1~ 4: Equal qain comb.ininq I 5: 2 -·path model

ceil (10*tau_nor) ;

for i=l:nt,
for k=l:nr,

channel(k+(i-l)*nr,:) = getchan(channeltype,tau nor,channellength,O);
rx(i-l)*nr+k,:) = conv(signal(i, :),channel(k+(I-l)*nr, :));

end
end

rsig = O*rx(l:nr,:);
for k = l:nr,

for i = l:nt,
rsig(k,:) = rsig(k,:)+rx«i-l)*nr+k,:); '6 1:sig conta.ins nx: J:eceived signa.ls

end
end

for snr_count = 1: length (snr_vec),
%-------------Receiver Noise----------------
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snr =.
Noise
alpha
rsign

snr vec(snr count);
(randn(nr~length(rsig» + j*randn(nr,length(rsig»)/sqrt(2);
lOA(snr/lO) ;
rsig + sqrt(l/alpha)*Noise;

!J;- - - - - - - - F.:r"equ2_ncy offs{:.:~t Estirnat ion.- - - - YO - - --

train_syml =. rsign(:,33:96); % first sequence for correlation
train_sym2 =. rsign(:,97:l60); % second sequence for correlation
for i =. l:nr,

cor(i) =. (train_syml(i,:)*train_sym2(i,:)');

end

end
sum cor=. sum (cor) ;
ang-=. angle (sum cor);
df_est(snr_count,exper)

end
exper =. exper+l;

ang*Fs_BB/(2*pi*64) ;

%-------- --Mean Squared Error-------------
for snr count=. 1: length (snr vec) ,

mse(snr_count) =. mean«df_est(snr_count, :)-df) .A2 );
end

Symbol Timing
The function SymbolTiming. m estimates the optimal timing using the timing algorithm and
with perfect knowledge of the channel impulse responses. The SNR vector, the number of receive
antennas, the used preamble, the delay spread and the number of experiments have to be input to
the function.

function timing=. SymbolTiming (snr_vec,Pre,nr, tau,exp)

% Inputs:
%
%
%
%
% Output:

snr vec =. snr vector (in dB)
Pre-=. preamble to be used (Nc=.64, Ng=.32 , followed by random OFDM data)
nr =. number of receive antennas
tau =. rms delay spread (in ns)
exp = number of experiments
timing=. the estimated and perfect timing

Nc =. 64; % length of training code
siz =. size (Pre) ;
nt =. siz(l); % the number of transmit antennas

signal=. [zeros(nt,128) ,pre];
Pre2 =. Pre(1,33:96);

% Transmissions is preceded by zeros

exper=.l;
while(exper <=. exp);

%-------------Channel
tau nor=. tau/50;
channeltype=.l;

channel length =.

Part----------------
% normalised dei-ay spread (samples), 1 sampJ.e ::=A SOns
% 0: AWGN, 1: Rayleigh, 2: Rician, 3: Selection diversity,
% 4: Equal gain combining, 5: 2-path model

ceil (lO*tau_nor) ;

for i=.l:nt,
for k=.l:nr,

channel(k+(i-l)*nr,:) =. getchan(channeltype,tau nor,channellength,O);
rx«i-l)*nr+k,:) =. conv(signal(i, :),channel(k+(I-l)*nr, :»);

end
end

rsig=. O*rx(l:nr, :);
for k =. l:nr,

for i =. l:nt,
rsig(k,:) =. rsig(k,:)+rx«i-l)*nr+k, :); % rsig contains nr received signals

end
end

%--------Determine Perfect Timina-----
per cor2 =. sum (abs (channel) .A2 ,lT;
per-cor3 =. conv(per cor2,ones(l,16»;
[m n] =. max (per cor3);
Per_timing=. n-16;

% Add power over alL TX and ~x

% ~"lindow integration length GI

% Beginning of data

for snr count=. 1: length (snr vec) ,
%---=-----------Receiver Noise---------------
snr=. snr vec(snr count);
Noise (randn(nr~length(rsig»+j*randn(nr,length(rsig»)/sqrt(2);
alpha=. lOA(snr/lO);
rsign=. rsig+sqrt(l/alpha)*Noise;

siz=.size(rsign);
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%---------Det.ermine Symbol Timing----------
for k=l:nr,

for i=1:siz(2)-Nc,
corrsignal(k,i) = rsign(k,i:i +Nc-l)*Pre2';

end
end

sum cor = sum(abs(corrsignal).A 2 ,1); % Add over all RX
% isolation of \vanted IRs
sum cor1 = [zeros(l,Nc) sum cor(128+32:l28+32+Nc) zeros(l,Nc));

sum -cor2a = O*sum corl; -
for-kl=l:nr, -

sum_cor2a = sum_cor2a+shift(sum_corl, (kl-l)*Nc/4); % Add over all TX
end
sum cor3 = cony (sum cor2a, ones (1,16) ); % i~indow integrat.ion length GI
[m n) = max (sum cor3);
timing(exper,l,snr count) n-Nc-(nr)*Nc/4; % Beginning of data
timing(exper,2,snr=count) per_timing;

end

end
exper=exper+l

Channel
The function getchan. m generates a channel impulse response. The channel type is determined
by the input parameter num. Further, the rms delay spread, channel length and the Rician K-factor
are input to the function.

function c = getchan(num,tau,channellen,K);
% Irrput;:):: Dum:::: channel t.ype (' ~.7ee below)
% tau. :;::: :nns dela~{ sp.l:e~ld (in s,::tmples}; 1 :Id fDle
% channellen :::: channel If:?:r19t.h in sarnples
, K Rician factor
~~ Out.put.: c;;::: generaced channel

10- rlum=O: ANGN f nUffi::::::l: R,Ty leigh, num~.::;2: Rician, num:.::;3: S(·~"':lect.ion diversi Ly {
:',5 num,;;.~4: equal gain ccmbininq, nUJn=5: 2--pat.h mCJdel

t = (0: channellen-l) ; '); 1·lake Rayleigh channel
c = sqrt(0.5*(1-exp(-1/tau))*exp(-1*t/tau)) .*(randn(size(t))+i*randn(size(t)));
power::: c*c1j

:1 Rician channel
1; Nc)rmal:ised r.J:ine-C)f~S:ight pc~wer

% NOL'malised Mult.ipath P()W~'~L'

combininq

ch.ann::~l

egc;

if num == 0,
c = O*c; c(l) = 1;

elseif num == 2,
los = l/(l+l/K);
M = los/K;
c =sqrt(M)*c;
c(l) = c(l)+sqrt(los);

elseif num == 3, 't ~~cl.2ct io:: di ,l:~:rsi:y

cl = sqrt (0.5* (l-exp (-l/tau) ) *exp (-1 *t/tau) ) . * (randn (size (t) ) +i *randn (size (t) ) ) ;
powerl = cl*cl';
if powerl > power,

c = cl;
end;

elseif num == 4,
cO = c; maxpower = 0;
cl = sqrt(0.5*(1-exp(-1/tau))*exp(-1*t/tau)) .*(randn(size(t))+i*randn(size(t)));
for k = 1:4,

cl = exp(i*2*pi*k/4)*cl;
egc = cO+cl;
if egc*egc' > maxpower,

maxpower = egc*egc'; c
end;

end;
elseif num == 5, " Lvw paL!1 model

c = O*c;
c(l) = (randn(l) + j*randn(1))/2;
if (round (2*tau) >0) ,

c(round(2*tau)) = (randn(1)+j*randn(1))/2;
end;

end;
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