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ABSTRACT

Doppler Shift Estimation of MIMO-OFDM Systems Based on Auto-correlation

Function of Channel Estimate
Qin Zhu

Multiple-input multiple-output (MIMO) and orthogonal frequency division multiplexing
(OFDM) techniques have been considered as a strong candidate for the next-generation
wireless communication systems, due to their well-known advantages in <high data-rate
wireless transmission as well as high frequency spectrum efficiency. In the mean time,
channel state information (CSI) is required for precise detection and recovery of signals.
Therefore, channel estimation plays a significant role in MIMO-OFDM systems. On the
other hand, due to the high mobility of wireless terminals, Doppler shift (DS) can be one
of the major side-effects of utilizing MIMO-OFDM techniques, which may lead to severe
performance loss. Many schemes on DS estimation have been developed for broadband
-single-input single-output (SISO) systems. A commonly used method is to exploit the auto-
correlation property of the channel impulse response (CIR) estimated by well-developed
channel estimation approaches, which not on]y has high accuracy but also moderate com-
putational complexity. Hence, we first investigate an efficient channel estimation method
in this thesis. We will then focus on Jakes' model based DS estimation schemes, ahd further
extend to independently identically distributed (i.i.d.) MIMO-OFDM fading channels with
both Rayleigh and Rician distributions.

In the first part of the thesis, a training-sequence (TS) based least square (LS) channel
estimation scheme is presented for MIMO-OFDM systems along with plenty of computer
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simulations and corresponding analyses. Experimental study shows that the CIR estimates
obtained by the LS method are reliable under moderate channel conditions, and can effi-
ciently be utilized for DS estimation.

The second part of the thesis first studies the auto-correlation function (ACF) based
DS estimation schemes for SISO-OFDM systems in Rayleigh fading channels, and then
extends it to Rician fading channels by developing a new approach along with the analysis
of its accuracy and complexity. Thereafter, we apply those approaches to MIMO-OFDM
systems and present a few enhanced methods by using non-linear interpolation under certain
circumstances. Detailed computer simulations and comparisons are performed, confirming
that the proposed ACF based schemes give satisfactory estimation perforrﬁance over i.i.d.

Rayleigh or Rician fading channels with various channel conditions.
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Chapter 1

Introduction

1.1 Background

With the increasingly growing demand for mobile communications and Internet and multi-
media services, the frequency bandwidth becomes a bottleneck in the next generation wire-
less communications. This problem is difficult to solve without significantly increasing the
wireless channel bandwidth. On the other hand, the transmission performance in wireless
mobile environments is another main issue in the next generation communications. Due to
the shadowing effect of multi-path fading channel and the high mobility of wireless termi-
nals, the performance of communication system might be severely degraded.

Many approaches have been proposed to solve the bandwidth and reliability problems,
and most well known schemes are multiple-input multiple-output (MIMO) systems and
orthogonal frequency-division multiplexing (OFDM) systems, which are also considered
as strong candidates for the next generation wireless communication network, or the 4th

generation network.



The 4th generation (4G), or beyond 3G (B3G), describes the next level of evolution
in wireless communications. A 4G system will offer a complete replacement for exist-
ing communication networks and is expected to provide a comprehensive and secure iP
based solution, varieties of multimedia services will be provided at higher data rates on
an "Anytime, Anywhere" basis. The following objectives of the next generation wireless

communication standard have been defined by the 4G wofkjng group [1][2}:
* A spectrally efficient system to be designed.
* High network capacity which means more simultaneous users per cell.

A nominal data rate of 100 Mbps while the client physically moves at high speeds

relative to the base station, and 1 Gbps while client and base station are in relatively

fixed positions as defined by the ITU-R.

* A data rate of at least 100 Mbps between any two points.

Smooth hand-off across heterogeneous networks.
» Seamless connectivity and global roaming across multiple networks.
* High quality of service (QoS) for next generation multimedia support.

* Interoperability with existing wireless standards.

An all IP, packet switched network.



1.2 OFDM and MIMO Technologies

1.2.1 Orthogonal Frequency Division Multiplexing

OFDM, amulti-carrier modulation method, has already been developed as a popular scheme
for wide-band communications. The principle of QFDM is to split a high-rate data stream
into a number of orthogonal parallel streams at lower rates, whiéh are transmitted simultane-
ously over a number of sub-carriers. Since the symbol duration increases for the lower rate
parallel sub-carriers, the relative dispersion in time caused by multi-path delay is largely de-
creased. A guard interval (GI) is inserted in each OFDM symbol, vduring which, the OFDM
symbol is cyclically extended, such that inter symbol interference (ISI) can be eliminated.
As aresult, each sub-channel can be considered as flat fading. Furthermore, the sub-carrier
frequencies are chosen so that they are orthogonal to each other, which eliminates the in-
ter carrier interference (ICI) as well as increases spectral efficiency without requiring extra
bandwidth.

Although OFDM technique simplifies the complexity of communication systems, or-
thogonality does introduce a severe frequency-sensitive problem. Typically, frequency off-
sets are caused by the mismatching between the transmitter and receiver oscillators, or by
Doppler shift (DS)vdue to relative movement. This thesis focuses on the DS issue.

The primary advantages of OFDM systems over other modulation schemes are listed as

follows:

» Resistance to frequency-selective fading, since each sub-channel is almost flat fading.

- Simple equalization. due to the flat fading feature of the sub-channels.

~
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* Robustness against ISI by the insertion of appropriate GI in each OFDM symbol.

* High spectral efficiency by overlapping the orthogonal sul;-carriers.

+ Easy implementation using FFT chips at both the transmitter and the receiver.
OFDM also has some disadvantages, such as:

* Sensitivity to DS and frequency synchronization error, which creates ICI.

* High peak-to-average-power ratio (PAPR), which reduces efficiency of the RF power

amplifier.

1.2.2 Multiple Input Multiple Output Technology

Essentially, OFDM is a single-input and single-output (SISO) technique. Although it in-
troduces orthogonality and GI to improve communication performance, the low data rate
limits its applications in the modern wireless communications. Therefore, multiple-input
and multiple-output, or MIMO, which uses the multiple antennas at both the transmitter and
receiver, gets in our sight.

MIMO technology makes use of the effect of multi-path fading or spatial diversity, as
well as efficient coding algorithms, such as the ﬁost well.known space-time coding [3]. to
increase the data rate and capacity of the system without sacrificing bandwidth and transmit
power. It also has been chosen as oné of the major techniques in the IEEE 802.16e and IEEE
802.11n standards.

A list of several advantages of MIMO system are shown below:



» It provides higher data rates, which will be suitable for current and future usage such

as Internet surfing, voice conference, data sharing, etc.

* It reduces the effects of interference and as a result lower transmission power and

longer battery lifetime.

+ Adjustable power and phase of each transmit antenna in terms of water-filling criteria

to further improve QoS.
* Secured transmission due to multiple transmit and receive antennas.

* Various coding systems can be utilized to alleviate the performance loss due to multi-

path fading.

* Well combined with OFDM modulation for simple receiver design.

1.2.3 Combination of MIMO and OFDM Techniques

The combination of OFDM and MIMO technologies not only solves the frequency-selective
fading problem, but also increases channel capacity greatly, which is the most attractive
feature. In the mean time, the increase of total transmission power or bandwidth is entirely
not required as compared with its single antenna counterpart. And the channel capacity
has been proved to grow linearly with the number of antennas when perfect knowledge
of the wireless channel status is available at the receiver. However, the channel status
information (CSI) is never known a prior. Therefore, channel estimation is in great need to

play a significant role in MIMO-OFDM systems.



MIMO-OFDM Channel Estimation

To make full use of the spectral efficiency, blind channel estimation methods have been
developed. Using second order cycle-stationary statistics or correlative coding or other
properties, channel matrix can be estimated just from transmitted data [4]. Despite their
advantages such as a gain in capacity, most of blind techniques are not very robust and only
allow estimating channel under a number of ambiguities. Furthermore, some methods may
have poor convergence and some channels are not identifiable [5].

Traditionally, to learn the channel, some known training signals are required to be
sent during some portion of the transmission interval. The training-sequence (TS) based
schemes can be divided into training phase and data transmission phase. In the training
phase, with the knowledge of the training signal at the transmitter and the received version
of the training signal at the receiver, we can estimate the channel matrix using some TS
based channel estimation algorithms, such as least square (LS), maximum likelihood (ML),
maximum a posterior (MAP) and minimum mean squared error (MMSE) [6] algorithms.
Thus the estimated channel matrix is used in the subsequent data transmission phase to
enhance the reception performance.

Hence in this thesis, we will restrict our attention to TS based channel estimation.

DS Estimation for MIMO-OFDM Systems

As stated before, the OFDM system is frequency-sensitive due to various factors, such as
DS resulting from relative motions. Therefore, it is necessary to estimate DS so as to com-

pensate for the introduced ICI in fast-fading MIMO channels. The DS information is also



required for the estimation of vehicle speed, and can be utilized to improve performance and
reduce complexity in adaptive receivers. Many DS estimation methods have been proposed,
which can be categorized into several groups, such as the one based on the level crossing
rate (LCR) [7], the one based on the auto-correlation [8][9][10][11] and the one based on
the ML algorithm [12]. The LCR based methods are not suitable for wide-band communi-
cations, since the DS is much smaller than the signal spectrum. While the methods based
on auto-correlation can be used for both the narrow-band and wide-band signals, where
an accurate calculation of the inverse of Bessel function is required, which may lead to a
moderate to a high computational complexity. The ML based methods in general provide
high accuracy and also incur a high computational complexity. Taking all these estimé—
tion approaches into consideration, we will focus on auto-correlation based schemes in this

thesis.

1.3 Motivation and Objectives of the Research

In the preceding sections, the new trends of wireless communications are reviewed. It is
shown that the combination of MIMO and OFDM techniques with channel estimation offers
promising performance for the forth coming 4G network. However, the corresponding DS
or even velocity estimation techniques are necessary. This thesis is concerned with DS
estimation using estimates of channel impulse responses (CIRs) for MIMO-OFDM systems.

The first objective of the thesis is to obtain reliable channel estimates from the time-
domain MIMO-OFDM channel estimation using optimal TSs in conjunction with the LS

algorithm. The second objective is to develop several DS estimation approaches for MIMO-



OFDM systems by exploiting CIR estimates, which are formerly used in SISO-OFDM sys-
tems. The performance of the estimation algorithms will be investigated by considering
different system parameters and channel conditions. In addition, the proposed algorithms

will be compared with each other in terms of performance and computational complexity.

1.4 Organization of the Thesis

This thesis nis organized as follows:

Chapter 1: The proceeding chapter provides an overview on the background of next
generation wireless communications with MIMO, OFDM and related channel estimation
and DS estimation techniques.

Chapter 2: Fundamentals of MIMO-OFDM systems are reviewed, including the ba-
sic concepts of wireless channels, the cause of DS and corresponding correlation features,
OFDM symbol design and MIMO-OFDM system model.

Chapter 3: The TS based MIMO-OFDM channel estimation that uses LS algorithm is
introduced. First, the mean squared error (MSE) of channel estimates is derived, and then
optimal pilot sequences are deduced with respect to the MSE, followed by performance
studies of the whole system.

Chapter 4: Three auto-correlation function (ACF) based DS estimation algorithms are
proposed for 1.1.d. MIMO-OFDM systems under Rayleigh channels, by employing channel
estimates obtained in Chapter 3. The first method utilizes the first zero-crossing point of
ACF, while the other two utilize a partial ACF curve and calculates the maximum DS by

polynomial curve fitting or looking up a table of Bessel function. Then the underlying sys-



tem is extended for Rician fading channels, and an estimator which utilizes the periodicity

of ACF curve is proposed for the DS of the direct path. The performance of the proposed

methods is then evaluated through computer simulations with necessary comparisons.
Chapter 5: This final chapter concludes the whole research and points out some pos-

sible directions for future work.

1.5 Contributions

The most significant contributions of this research are summarized as follows:

1. A TS based LS (TSLS) channel estimation approach for MIMO-OFDM systems is
studied with plenty of simulation work. Simulations show that such channel estima-

tion scheme is rather reliable and efficient for further DS estimations.

2. Four DS estimation algorithms using the ACF of channel estimates are proposed for
uncorrelated MIMO-OFDM systems under both Rayleigh and Rician fading chan-
nels. The proposed estimators are analyzéd with the enhanced non-linear interpola-
tion schemes being proposed, followed by performance simulations. The estimators

are summarized as follows:

» Zero-crossing scheme: It utilizes the first zero-crossing point on the ACF
curve, which is estimated by linear interpolation. Simulations show that it is
almost noise-insensitive and thus is well suited for general use. Spline interpo-

lation can improve the estimation performance to some extent.

* Partial-curve scheme: It utilizes the properly chosen region of ACF curve for



accuracy improvement, and is implemented by following methods:

— Polynomial curve fitting: It uses a 6th-order polynomial to fit the Bessel
function with certain progressive deviation. Then the positive and real root
of this polynomial is used to calculate the maximum DS. As a higher-order

polynomial is required, higher computational complexity is expected.

— Look-up table: Instead of calculating the inverse of Bessel function by
evaluating the root of high-order polynomial, it searches a pre-stored ta-
ble of values of Bessel function with controllai)le precision, which reduces
computational time considerably. Computer simulations indicate that this
scheme is better than the zero-crossing scheme under moderate channel
conditions. Spline interpolation is implemented to compensate for systems

with an extremely large DS, which may make it undetectable.

* Half-period scheme: Unlike the other three estimators, this scheme is only ap-
plicable to direct path DS in Rician fading channels. It utilizes the periodicity
of the ACF curve, and makes use of the effective first valley point for DS com-
putation. Simulations show that it is suitable for Rician fading channels with
any K-factor and channel conditions. Spline interpolation is a compensation for

channels with large DSs.

10



Chapter 2

Fundamentals of MIMO-OFDM

Systems

We have undertaken an overview of the upcoming wireless communication systems In
Chapter 1, which providés us with a bright insight into the combination of MIMO and
OFDM techniques. In this chapter, we will briefly review the fundamentals of related tech-
nologies, including the model of wireless channels, symbol design for OFDM systems, and
the concept of DS as well as auto-correlation property of fading channels. Then, we will
discuss about the cha_nnel and signal models of MIMO-OFDM systems, which will be uti-
lized in the following chapters to develop channel and Doppler frequency shift estimation

techniques.

11



2.1 Basic Concepts of Wireless Channels

2.1.1 Types of Multi-path Fading Channels

In wireless communications, multi-path fading is a common propagation phenomenon,
which can be caused by reflection from scatterers such as mountains and buildings. The

signals coming from different paths result in multiple delayed versions at the receiver.

Figure 2.1: Multi-path fading

Fig. 2.1 is é typical example of multi-path propagation between a base-station and a
moving vehicle. As can be seen from the figure, the fading process consists of line-of-sight
(LOS) and non-line-of-sight (NLOS) fadingé, in which LOS fading has a distribution of
Rician and NLOS, however, is Rayleigh distributed. In addition, Doppler frequency shift
can be incurred by the relative motion between the transmitter and the receiver.

Fading channels can be classified into several groups in terms of fading features.

12



Slow and Fast Fading Channels

Wireless fading channel is normally modeled as a linear time-variant (LTV) system. The
speed of varying with regard to time refers to how fast the magnitude and phase of sig-
nals are changing in propagation, which is meaéured by the coherence time of the channel
denoted by (At). and the delay requirement that usually chooses the symbol duration Ty.
When (At), > T, the amplitude and phase change caused by the channel can be con-
sidered constant over a certain time period, the channel is relative slowly fading compared
with signals, which is so called slow fading. On the contrary, fast fading occurs when the
coherence time of the channel is relatively smaller or comparable to that of the symbol
duration.

Moreover, the coherence time has been proved to be inverse proportional to the Doppler

spread denoted by By, i.e.

1

Hence, the fading speed of channels can be also measured by the Doppler spread. Larger

Doppler spread can result in faster fading than that of a smaller one.

Flat and Fi‘equency-selective Fading Channels

Similarly, coherence bandwidth, or (A f). is to measure the fading in terms of frequency.
In the coherence bandwidth, all frequency components of the signal experience coherent
interference. If the coherence bandwidth is smaller than thgt of the transmit signals, i.e.
(Af). < Bs.the channel is known as frequency-selective, as those signals whose frequency

components exceed the coherence bandwidth experience uncorrelated fading. And severe

13



ISI can be introduced at the receiver. On the other hand, the channel is non-selective, or flat,
when (Af). > B, all frequency components of the signal experience the same magnitude
of fading.

Besides, we have a useful relation between the coherence bandwidth and the multi-path

delay spread:
1

(Bf)e = =

2.2)

which indicates that the fading channel can be also measured by the delay spread. With
T, = 1/B; as well as (2.2), we can derive that, the channel is frequency-selective when
T,, < T, and on the contrary, T,,, > T, implies flat fading.

Fig. 2.2 and 2.3 summarize the relation between channel parameters and various fading

types.
T, A
Flat Slowly Fading " Flat Fast Fading
1 ‘
7-'1"N P !
(Af).| Frequency-selective Frequency-selective
Slowly Fading Fast Fading
1 T,
(Ar).~5

o

Figure 2.2: Relationship of fading and symbol duration
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B A

Frequency-selective Frequency-selective
Fast Fading Slowly Fading
A el
Flat Fast Fading Flat Slowly Fading
| .
B, B,

Figure 2.3: Relationship of fading and symbol bandwidth

2.1.2 Fading Channel Model

Fading channel can be considered as a equivalent base-band LTV model. Hence, the CIR

at time £ can be expressed by [13]

h(r,t) = Zai(t)(i(‘r ~ 7,(8)) (2.3)

where a;(t) and 7;(¢) is the complex attenuation and propagation delay at time ¢ of the ith

delay path, respectively; and a Dirac function ¢ is defined by

0, t#0 -
o(t) = (24
oo, t=20
and
/oo o(t)=1 2.5
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Thus, the corresponding output of the channel can be described as

y(t) = h(r,t) * x(t)

= /oo h(r,t)x(t — 7)dr

oo

= Z a;(t)z(t — 7(t)) (2.6)

where * denotes convolution operation.
For digital implementation, we normally use a discrete time base-band model, the multi-
path fading channel is modeled as a linear finite impulse response (FIR) filter. Then, the

propagation of such model can be expressed by

Yn = Z hl,nxn—l (27)
]

where h; ,, is denoted as the [th channel tap at time n. Especially, if the path gain a; and the
path delays are time-invariant during a certain time slot, for example, one symbol period,

the Ith tap can then be simplified to:

hy = Z:a,i sinc(l — %) 2.8)
where T is the input sample period to the channel.
Moreover, the CIR h(t) is a composition of multiple scatters and an LOS component
(see Fig. 2.4). We use the following model for the multi-path CIR described in the base-
band [7]:

, K
o ¢ F2m fq cos (8: )1+ i) + h
2o R ,

~ Za(1)

1

6.7[27de cos (Ao )1+ ¢o} (2.9)
K+1

h(t) =

Z1(t)
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where the K-factor K = E{|Z2(t)|?}/ E{|Z1(t)|?} is defined as the ratio of the power of
the LOS component to the NLOS component. «; denotes normalized amplitudes, satisfy-
ing ZLI a? = 1. f; is the maximum DS,‘0,~ denotes the angle of arrival (AOA), which is
independently and identically distributed (i.i.d.). ¢; are independently identically and uni-
formly distributed phases on (—,7]. 8o and ¢ are the AOA and the initial phase of the

LOS component, respectively.

Transmitter \/K+1 z"‘ exp(j(2m f,cos(0,)t+¢,))
NLOS
’ LOS
} K ] 3
VE+1 exp j(2m f ,cos(0,)t+ P, 6,
/B
_— — _ [ R, ... ) >
Receiver

Figure 2.4: The NLOS and LOS paths

Aside from the form expressed in Eq. (2.9), the CIR can be statistically described as
1
Z )e -3 (1) 4 ao(t)e™ —ivo(t) [hl(f-) +jh,2(t)] + (1) (2.10)
in which
W; = 2w facosb; + ¢;
hi(t) = Zi’:l a;(t) cos i (t)

{ .11
ha(t) = YL, (1) sin s (1)

F(l‘.) — ao(l‘)e_j%m

\

where ap(t)e 70 represents the LOS component. along with h;(t) + jha(t) denoting the

17



NLOS components. According to the central limit theorem, when I is large, the NLOS
component hy(t) + jha(t) tends to be a complex Gaussian random variable, in which A, (t)
and hq(t) are both Gaussian random variables subjecting to N (0, 0%). And in turn, [h(t)],
the amplitude of a nonzero-mean complex Gaussian process, is Rician distributed. Its prob-

ability density function (pdf) is expressed as [14]:

T z? ol QT
flz) = —3 €XPp (—535) - €Xp (—5(;5) : IO(?E

Ra)ﬁ'eigh Moc‘iriﬁer
2 2 ,
T ¢+ g apT
= —exp(— I, , >0 2.12
—exp(-— ) h(5), 7 2 2.12)

where o denotes the power of the LOS component, 202 is the total power of all other NLOS
scatters, or in another word, K = 2%‘2’5; and Iy 1s the zeroth-order modified Bessel function
of the first kind. While in the absence of a LOS component, i.e. K = 0, |h(t)| subjects to a

Rayleigh distribution with a pdf of

£@) = & exp (=) 2.13)

o2 202

The pdf of Rayleigh and Rician distributions are shown in Fig. 2.5.

[

OO
e

Figure 2.5: The pdf of Rayleigh and Rician distributions when o = 1.
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2.1.3 Doppler Effect and Auto-correlation of CIR

Concept on DS

As stated before, wireless fading channels are LTV due to relative motion between mobile
stations and base-stations, which can introduce frequency offset, or normally DS. DS may

lead to severe performance loss especially when frequency-sensitive schemes are employed,

such as OFDM.

Base Station

Figure 2.6: Doppler effect

Fig. 2.6 shows a mobile station moving towards a base station with a speed of v. The
AOA of the wave relative to the motion direction is denoted by 6. Thus, the received
frequency of the mobile station can be expressed by fo + f, in which f is the DS and
can be given by

f= %’fo cosd (2.14)

where c is the the speed of light, and fj is the original frequency of signals. The maximum
DS is achieved when 8 = 0, i.e.

a

fo==fo (2.15)
c
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In addition, if the following conditions [15] are satisfied, the well-known Jakes Doppler

power spectrum will have a normalized form (see Fig. 2.7):

1
» |l < fa (2.16)
mfay/1 - (£)?

» The radio waves are horizontally propagated.

S(f) =

» The AOA 0; of the radio waves are uniformly distributed over [—, 7] at the receiver.

* The receive antenna has a circular-symmetrical pattern.

0.08 I , ; ; .

0.07

T
1

0.06

¥

0.05
> 0.04} :
)

0.03 .

0.02 T

T

0.01

1 1 1 -3

|
|
|
!
[
0 L
—-150 ~-100 -50 0 50 100 150
frequency in Hz

Figure 2.7: Jakes Doppler spectrum, f, = 100 Hz

Moreover, if there exists an LOS component, i.e. Rician fading channel, a modified

Doppler power spectrum is given by

S(f) + Ko(f — faros) (2.17)
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where f4 105 = facos 8y denotes the DS of the direct path, and §(-) is a Kronecker Dirac

function satisfying

5(z) = (2.18)

ACF of CIR

The ACF of CIR h(t) (2.9) can be simply calculated by [7]

th.(T) =E {h(t)h*(t + T)}

1 " . K )
— 0 —j2m fq cos (9)1d0 —j2m fq cos (6o)T
K+1/p( Je s

-7

where p(0) is the pdf of the AOA 6;. According to the Jakes' model [16], if §; is uniformly

distributed on [—7, 7] and also K = 0, i.e. Rayleigh fading, then we obtain
Ryn(1) = Jo(2m fur) (2.19)

where Jy(-) represents the zeroth-order Bessel function of the first kind. Therefore, the

ACF of a Rician distributed CIR can be expressed by

1 , ,
Run(7) = mJo(Qﬂde) + g32mfacos (fo)r (2.20)

K+1

Note that the CIR can be also modeled in a complex form of h(t) = R(t) + 73(¢), with
R(t) and 3(#) denoting the real and imaginary component of h(t), respectively. As aresult,

the ACF (see Fig. 2.8) of the real component can be expressed as [11]

Ryn(7) = E{R(OR(t +7)}

1
= J 2/ T
w1 lorler) +

cos (27 f4 cos (0p)7) (2.21)
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And in the special case of a Rayleigh fading channel, ® and & are both i.i.d. Gaussian

random variables. Therefore, their ACFs can be simply obtained by

Ren(r) = Ras(r) = Jo(2m fa1) (2.22)

Ryw (k)

Rayleigh channel

‘ a r ~ -~ — Rician channel

Figure 2.8: ACF of CIR of Rayleigh and Rician channels

2.2 OFDM Systems

OFDM was designed to increase the robustness against frequency-selective fading and
multi-path delay, it also increases the frequency spectral efficiency for modern wireless
communication systems. In this section, we will take a brief review of the principle of this

multi-carrier scheme.
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2.2.1 Transceiver

A transmitter diagram of OFDM systems is illustrated in Fig. 2.9. Data stream is demulti-
plexedinto N parallel sub-carriers and then mapped commonly using quadrature amplitude
modulation (QAM) or phase-shift keying (PSK). An IFFT is performed thereafter, gener-
ating an OFDM symbol in the time domain, which are.then appended by a copy of its tail
of length L,. By using digital-to-analogue converters (DACs), the digital signals are con-
verted to the analogue domain. Finally, the analogue signals are modulated at the carrier

freauencv f. and transmitted trougth the antenna.

IO s(t)\

R |_ — ‘LxN‘—L - " Y 1

> oo Ko %o jJAdd > D/A - NN
] gl o e ron 0

————— MSPPi: & [IFFT! o : 1A

RN TN N o N
TS Tl o (I e B L~
R e I S T N

Figure 2.9: The transmitter model of OFDM systems

As shown in Fig. 2.10, the signals that arrive at the receive antenna are demodulated and
converted back to the discrete domain. Cyclic prefixes (CP) are then removed, followed by
FFT processing resulting in V parallel streams in the frequency domain, which are further

detected by a symbol detector. Estimated signals are finally formed into a serial stream.

2.2.2 OFDM Symbol Design
Now we consider a data sequence

X = [Xo,.... Xno1]” (2.23)
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Figure 2.10: The receiver model of OFDM systems

Assume the signals are sampled at 71: thus the entire OFDM symbol duration is NT'. After

IFFT or OFDM modulation, we obtain the base-band signals in the time domain:

1 ¥ )
Ty = ——= > X" 2.24
TN 2 k (2.24)
1 N-1
= i Xpe?? T e 0,... N — 1} (2.25)
k=0

where f;, = % is the frequency of the kth sub-carrier. Moreover, the low-pass equivalent

OFDM signal can be expressed as

N-1
1 |
s(t) = i > X 0<t < NT (2.26)
k=0

Orthogonality of OFDM Signals

In OFDM systems, the sub-carrier frequencies are chosen such that the sub-carriers are
orthogonal to each other as shown in Fig. 2.11, each tone represents a sub-carrier, and the
ICI is eliminated by overlapping these sinc shaped frequency spectra. The orthogonality
requires that each sub-carrier has exactly an integer number of cycles jn the FFT interval,

and the number of cycles between adjacent sub-carriers differs by exactly one [17]. This

24



property can be expressed as

NT

NT
/ (e #0) (3t = /
0 0

o (k1 —ko)
6_121r7—] T2 tdt —
defined as

6k1,k2
where (-)* denotes the complex conjugate operator, and ¢ is the Kronecker delta function

(2.27)

'

/ H

v \\ V;'; //' ' 5
Orthogonal sub—carriers

A4

in frequency domain

./

7

Subcarriers within one OFDM symbol

Figure 2.11: Orthogonal subcarriers in the frequency and time domain

By overlapping, high spectral efficiency is possible. However, accurate frequency syn-

chronization between the receiver and the transmitter are required. Orthogonality will be

destroyed for a small frequency deviation, which causes ICI. Frequency offsets are typi-
25



cally caused by mismatched transmitter and receiver oscillators, or by DS due to relative
movement. Moreover, Doppler effect worsens as motion speed increases. Hence, DS in-

formation is required for accurate signal recovery.

Cyclic Prefix

A CP of length L,, which is a cyclic extension of the OFDM symbol, is inserted before
transmission in order to avoid ISI in multi-path fading channels. It also reduces the sensi-
tivity to time synchronization problems. From Fig. 2.9, we can see that the OFDM symbol

after CP prefixing can be defined by
)—(=[IN_LH,...,.’L'N_l,.’Eo,...,:EN._]]T (228)

As discussed before, for the linear time invariant (LTI) system, discrete-time base-band

model is expressed as

L-1
Yn =D Iugny (2.29)
1=0 :
Assuming L, = L and taking (2.28) into consideration, then (2.29) can be rewritten as
L-1
Yn = Z hll'[(n—L—l) mod N] (230)
1=0
We can rewrite (2.30) as
Yn = hp ® T, (2.31)

with ® denoting the cyclic convolution. By taking the DFT of both sides of (2.31), we thus

obtain

DFT(yn) = DFT(l, ® x,,) = DFT(h,) - DFT(x,,)
Or
Yi = Hy Xy, k€{0,....N =1} (2.32)
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where
L-1 .
He=) hefrwk (2.33)

=0

Therefore, a multi-path channel is converted into IV parallel sub-channels in the frequency

domain, which can also simplify the receiver.

2.3 MIMO-OFDM Systems

2.3.1 MIMO Channel Model

MIMO-OFDM scheme is designed for broadband wireless communications. Since the sig-
nal bandwidth is always larger than the coherence bandwidth, the channel can be viewed as

frequency-selective.

source

encoder decoder -»

»

Figure 2.12: MIMO channel with NV, transmit antennas and /V, receive antennas

Fig. 2.12 shows a typical block diagram of a MIMO system. The received signal vectors



can be simply represented by

y=Hx+v (2.34)

where y and x are the received and the transmitted signal vectors, respectively; H denotes
the IV, x N; channel matrix of the MIMO system, with v representing the noise vector at
the receiver. We assume that the noise in this thesis is always an additive white Gaussian
noise (AWGN). Each link between a pair of transmit and receive antennas can be regarded
as an L-tap FIR filter. Moreover, the channel can usually be assumed constant over the
transmission of one OFDM symbol, though it may vary for different symbols, which is also

known as the quasi-static model. Hence, we define a channel matrix for the [th tap as:

hlm)  RA(m) o RpM(m)
, B2 m) KM (m) ... RMM(m)
Hm)= | L ' (2.35)
h{v”l(m) h,N"z(m.) . th”N‘(m)
L J N-x Nt

where h}'"™(m) stands for the CIR between the n,th receive antenna and the n,th transmit

antenna of the [th tap during the mth OFDM symbol.

2.3.2 MIMO-OFDM System Model

Fig. 2.13 shows a block diagram of a simple MIMO-OFDM transmitter, which consists of

N, independent links. For the mth OFDM symbol, we define

X™(m) = [X{(m),.... XN (m)]T (2.36)
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Figure 2.13: MIMO-OFDM transmitter

as the input frequency-domain signals for the IFFT unit, where K denotes the number of

sub-carriers. Similarly, the output signals of the IFFT processor can be defined as
X" (m) = [2}*(m), ..., z%(m)]" (2.37)

which is normally called time-domain signals. After adding a CP, the signals are transmitted

from the n,th antenna.

l N réj . ‘;y:(m)y__,..._ Viim)
, emove [P ST

_f > P I CP p : i FFT ¢
: ) ( m) Y, (m)
/‘\ ;”}j“R‘ o 2 T
~» Remove oo s

PP e s mT

y (m) Yy (m)

Figure 2.14: MIMO-OFDM receiver

Fig. 2.14 shows a diagram of a simple MIMO-OFDM receiver, which consists of N,
receive antennas. For the n,th link, samples of the received signals corresponding to the
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CPs are removed first. Then, the received time-domain signals can be expressed as
Nr Nr 7 Ny T
Y™ (m) = [y (m), ..., y5 (m)] (2.38)
After FFT processing, we finally obtain the received signals in the frequency domain:
TNy _ ny nr T
Y™ (m) = [Y{"(m), ..., Y (m)] (2.39)

With the received signals, the MIMO channel can be estimated via various schemes.
The information data can then be recovered by the MIMO-OFDM decoder based on the

estimated channel matrix.

23.3 MIMO-OFDM Signal Model

First, we take a look at the signal model in the time domain. Assuming that the channel
is constant during one OFDM symbol, and the CP is perfectly set to be no less than the
channel length. For the mth OFDM symbol, the signal model for the frequency-selective

fading channel can be expressed as

Nt

ynr(m) = Z o™ (m) * znt(m) + vy (m) (2.40)
ng=1
Nt L-1
= Z Z Ry (m)zlt (m) + vy (m) (241
ni=1 [=0

where n denotes the discrete time index, and v~ (m) is the spatial-temporally uncorrelated
noise with zero mean and variance of o2. We can also rewrite (2.40) in a common matrix

form as
L-1

Ya(m) = Z H,(m)x,_;(m) + v,(m) (2.42)

=0



where

Xn(m) = [zL(m),. .., =N (m)]" (2.43)
Yn(m) = [gA(m), ...yl (m)]" @2.44)
vo(m) = [vi(m),. .. ,v,’l‘”(m)]T, E {vi(m)vH(m)} = 26,1 (2.45)

where (-)¥ denotes Hermitian or conjugate transpose, I is an identity matrix.
Now we derive the signal model in the frequency domain. After the CP is removed, the

received signal at the n,th receive antenna, which is defined in (2.38), can be rewritten as

[18]
Ny -
y™(m) =Y HZFX™(m) + v (m) (2.46)
ne=1

where H[;,"™ isan N x N circulant matrix with the first column given by [(h™™(m))T, 01, (v-1)) T

with h* ™ (m) = [hg™™(m), ..., h7"7 (m)] s ynr (m) = [vi"(m),... ,Ux,r(m)]T is the
spatial-temporally uncorrelated noise vector, and F is the NV x /V unitary DFT matrix, where

the entries are defined as

Fhn = e=i2m% (2.47)

By using the eigendecomposition [13], H.™ (m) can be further expressed as:

HY ™ (m) = FH diag {\/NF[(hnr.nt (m))T7 le(N—L)]T}F (2.48)

cir

After taking the DFT of both sides of (2.46), we can obtain the signal model in the frequency

domain as

A/'t T8l
Yv(m) =Y diag {\/A—’F (b ()7, O 1)) }X"‘"(m) +VT(m)  (2.49)

ny=1

where V" (m) = Fv*(m).



2.3.4 Recovery of MIMO-OFDM Signals

Since the MIMO-OFDM system can be divided into independent flat-fading MIMO sub-
systems for different sub-carriers, the algorithm for flat-fading MIMO channel receiver can
be used for each MIMO sub-system. Based on the estimated channel matrix, the optimum

detection algorithm is ML algorithm, which chooses

where C represents the constellation size. Since this algorithm needs a lot of searching, it
is one of the most complex detection methods.
Zero-forcing (ZF) algorithm is the simplest one. The information data are detected by

using pseudo-inverse of the channel as [19]
% =H'y = (H"H)'H"y

where (-)' represents matrix pseudo inverse.

And MMSE algorithm is another linear detection algorithm, which has an intermediate

computational complexity [6]

1 -1
I t H H

From these methods, we can conclude that the CSI is needed for signal recovery, and |

therefore a channel estimation has to be done a prior.



2.4 Conclusion

In this chapter, we started with a brief description of general wireless fading channels as
well as the corresponding properties of each fading model. We have then discqssed the
ACF of Rayleigh and Rician fading channels and stated the possibility of using the ACF for
DS estimation. The OFDM symbol transmission principle was then discussed along with
CP and ISI elimination. The combination of MIMO and OFDM techniques, i.e., MIMO-
OFDM systems, including channel and signal models and MIMO-OFDM transceivers were

also reviewed.

(98]
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Chapter 3

Training based LS Channel Estimation

for MIMO-OFDM Systems

In this chapter, we investigate a TSLS channel estimation algorithm [20] for MIMO-OFDM
systems. We start with an analysis of LS channel estimation in the time domain. The
MSE of channel estimates is then used for the derivation of optimal pilots. Simulations are

performed to show the reliability and efficiency of the channel estimation approach.

3.1 LS Channel Estimation Using TSs

In this section, we introduce a TSLS channel estimation in the time domain. Optimal pilots
at specific sub-carriers are employed for the estimation of the time-domain channel H,,
(1=0,1,..., L-1). Withafew orevenasingle OFDM symbol, accurate channel estimates
can be obtained.

Fig. 3.1 shows a block diagram of a simplified transmitter of a MIMO-OFDM system



with an architecture of VBLAST [13]. The data stream is firstly encoded and mapped by a
QPSK modulator, and then divided into N, sub-carriers followed by optimal pilots insertion
before IFFT processing or OFDM modulation. The modulated streams are padded by CP
of length L, in each link before transmission. Normally, the length of CP is assumed to be

no less than the maximum path delay L of all channels for the robustness against the ISI.

N e e
| M T —bAdd > |
! - . ! . . [
s et e i ep PR
! Pllot I v |
o o IR R S
Loapsk | Xylm) ()
r . SIP 5 5 5 B
Modulator) =1 |y v Xi(m) )] ]
T T Add > -
R ” 'gﬁe{tg T ;e TS
T I I B

Figure 3.1: MIMO-OFDM transmitter with optimal pilots

Fig. 3.2 is a diagram of a MIMO-OFDM receiver with N, receive antennas. The re-
ceived signals, in which CPs have been removed, pass through FFT processing or OFDM
demodulation module. Then training pilots are extracted in conjunction with known trans-
mitted TSs for the LS channel estimation. Finally, the channel estimates are further utilized
for DS estimation, which will be discussed in Chapter 4.

Here, we assume that the pilots are inserted at V,, out of N sub-carriers of each OFDM
symbol that carries the pilot signals. The transmitted pilot vectors‘ of the mth OFDM symbol

at each antenna can be written as

X2(m) = [XI4(m). ... X" ()] 3.1
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Figure 3.2: MIMO-OFDM receiver with TSLS channel estimator and DS estimator

Similarly, the received pilot vectors in the corresponding pilot sub-carriers are given by

Ypr(m) = [V (m),..., g, (m)] (32)

p,1

We define a matrix F,(m) of size N, x L, which is v/N times the first L columns and the
N, rows corresponding to the pilot sub-carriers of a N x N unitary DFT matrix F for the

mth OFDM symbol, Eq. (2.49) can now be rewritten for the pilot sub-carriers as

Yy (m prdwy m)h"" " (m) + V3 (m) (33)

ne=1

where X

oiiag(m) = diag (X;,"(m)), and V77 (m) is the noise vector corresponding to the

pilot sub-carriers.

Assume that the pilots are transmitted over g consecutive OFDM symbols, m € {0, ..., g—
1}. Thus, the total number of pilots is g x N,. Also in the LS algorithm, it is assumed that
the channel remains unchanged during these g consecutive OFDM symbols. Therefore, the

index m for h*"(m) can be omitted. The model of (3.3) can be then rewritten as

Y = AW 4 VI | (3.4)



where

Yo = [(Yy(O)T,..., (Yo (g - 1))T]T
Vi = [Ver(0),..., V(g — 1))
b = [(h*1)T,. ., (e NT]T

X2 4iag(0)F,(0) X0 (0)F5(0)

leJ,diag(g - 1)Fp(g ~1) ... X;)\,](t:liag(g - 1)Fp(g —-1)

- 4 gNpx LN,

From (3.4), we can verify that if A has a full column rank of LN;, which is equivalent
to gN, > LN,, the channel for the n,th antenna can be estimated via the LS approach,

yielding a channel estimate
v ATV _ i tx7/nr
h™ = A'Y" =h™ + A'"V7 (3.5 |

Furthermore, if taking all receive antennas into consideration, we can derive from (3.4)
that,

Y,=AH+V, (3.6)

where matrices Y, = [Y;,,...,Y,I,VT], H = [hl,---yhm] and V,, = [V}),_._’Vlijvr]_

Thus the estimated channel matrix of size LN, x /N, can be obtained by
H=A'Y,=H+ AV, (3.7

Fig. 3.3 presents a flowchart at the receiver of the TSLS channel estimation scheme.
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Figure 3.3: Flowchart for LS algorithm at the receiver



3.2 Optimal Pilot Design over Multiple OFDM Symbols

Assume that the transmitting power of training signals is constrained as ||A||% = F, where
E is a constant. Then we can find the optimal signals minimizing the channel MSE based

on this constraint, which becomes:
min J.s = min E {||H — Hys|[%}, subject to ||Al[z = E

where || - || denotes Frobenius norm. It has been proved [20] that the pilot is optimal if
AA¥ = EI, which meéns the optimal training sequences at different transmit antennas
must be equally powered, equally spaced and phase shifts orthogonal. Moreover, due to the
full column rank requirement of A, we obtain gN,, > LN,. Conéidering FFT, gN, should

also be the power of 2. Therefore, the optimal pilot sequences can thus be derived as [20]

E _igmm (m+kg)
X™(m) =, ——e’ 9Np (3.8)
Pk \ 9N,

wherem € {0,...,9g -1}, k € {1,.... N}, n, € {1,...,N;}, np, = (n, — 1)L, and
gN,, = 2M052LN)] Note , /ﬁe"ﬂm"t(m“g)ﬂg””) - ¢(k) is also optimal as long as c(k) is

an arbitrary unit modulus sequence (Jc(k)| = 1), which can be given by
c(k) = el (3.9

where sy, is uniformly distributed on [0, 1].
For simplicity, we use one trained OFDM symbol for channel estimation, 1.e. g = 1, in

the following section. The optimal TS can now be designed as

XM= —e 2 - (k) (3.10)



1th OFDM symbol " 2nd OFDM symbol

Figure 3.4: Training over a single OFDM symbol

Fig. 3.4 shows the structure of the OFDM symbols at the n,th transmit antenna. Each
OFDM symbol consists of V,, equally spaced optimal pilots created by (3.10) and N — N,

data signals. Note the optimal sequences of different symbols are not necessarily the same.

3.3 LS Channel Estimation Performance of MIMO-OFDM

Systems

In this section, different system parameters are used to investigate the performance of the
TSLS channel estimation for MIMO-OFDM systems. We consider a MIMO-OFDM system
with 2 transmit and 4 receive antennas. A fading channel modeled by an 8-tap MIMO-FIR
filter is assumed, where each tap corresponds to a 4 by 2 random matrix whose elements are
i.i.d. complex random variables with a maximum DS at 100 Hz. The signals are sampled
at-1 MHz and modulated by QPSK, 128 sub-carriers are applied thereéfter, which contains
16 optimal pilots. A CP of length L, = 8 is then padded for each OFDM symbol. Note
the optimal pilot sequences are designed over one OFDM symbol and also known a prior
at the receiver. In the first four experiments, a Rayleigh fading channel model is assumed.

While in the last experiment, the TSLS channel estimator is examined under both Rayleigh
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and Rician fading channels with different K-factors. Besides, the SNR is defined as

LN,o2E,
2

n

SNR = (3.11)

where 02 and o7 denote the averaged power of the AWGN and the path gains, respectively;
and also the power of transmitted signals is denoted by E.

Another thing should be noted is, in the previous sections, a quasi-static channel model,
that is time-invariant over one OFDM symbol, was assﬁmed for simplicity. However, the
real wireless channels are time-varying. To be practical, the upcoming simulations are
carried out under time-varying fading channels. As aresult, due to Doppler effect caused by
relative movement between the transmitter and the receiver, ICI at the receiver is expected

to cause estimation error.

3.3.1 Experiment 1: Effect of Antenna Configurations

This experiment investigates the channel estimation performance for systems with different
antenna configurations varying from N, x N, = 1 x 1to N, x N, = 2 x 4. Fig. 3.5 shows
the MSE of channel estimate versus SNR for each antenna configuration. Here, the MSE

is calculated by

N Nt L-1

MSE = % SO IR m) — ki (m) (3.12)

nr=1ng=1 [=0

where M = N, x N; x L, and ii,"“"' (m) denotes the estimated CIR.
As expected, with the increase of SNR, a better MSE performance can be achieved.
Obviously, the data rate or system capacity can be increased by employing more transmit

antennas. However, as defined in (3.11), o2 is supposed to be raised when more transmit
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antennas are in use for a specific SNR. As a result, a 3 dB performance loss is noticed
in the 2 tranémit antenna schemes compared with the 1 transmit antenna counterparts with
the same number of receive antennas. It is also clear that, a 3 dB gain is achieved when
the number of receive antennas is doubled, which is independent of the number of transmit
antennas. Therefore, in the following experiments we focus on the 2 x 4 MIMO channel

which will be further studied in Chapter 4.

10

MSE

Figure 3.5: MSE versus SNR with different antenna configurations

3.3.2 Experiment 2: Effect of Guard Interval

In this experiment, the channel estimation performance with different guard intervals is

investigated. As has been pointed out, to decrease the effect of ISI, a CP with a lengthof L,
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that is at least equal to the channel length L should be used. Thus, L, is set between 0 and 10.
Fig. 3.6 shows the MSE versus SNR plots for different guard lengths L, € {0, 4, 6, 8,10}.
Itis seen that a short CP with length that is less than the channel length L = 8 leads to a poor
channel estimation results due to the occurrence of ISI. On the other hand, a CP length that
is larger than the channel length does not help to improve channel estimation. Therefore,
the best trade-off in view of the channel estimation performance and the spectral efficiency

isLy= L.

-1

10 | ST — IS T O L

MSE

SNR in dB

Figure 3.6: MSE versus SNR with different guard lengths
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3.3.3 Experiment 3: Effect of Optimal Pilots

In this experiment, we investigate the performance of channel estimator by using different
number of optimal pilots, N, € {8,15,16,32,64,128}. Fig. 3.7 depicts the MSE versus

SNR plots when the number of optimal pilots used varies from 8 to 128.

SNR indB

Figure 3.7: MSE versus SNR with different number of optimal pilots

Simulation results show that as we increase the number of pilots, the performance is im-
proved noticeably. In particular, }when 128 sub-carriers of each OFDM symbol are repiaced
by 128 optimal pilots, the best performance 1s achieved. It should be mentioned that, ac-
cording to the criterion of optimal pilot design. we have NV, > LN,, where N, is the number

of pilots, L and .V, are the channel length and the number of transmit antennas, respectively.
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In this experiment, we have set L = 8 and N, = 2, which suggest that a minimum of 16
optimal pilots are required for better channel estimation performance. Therefore, in this
particular case, the MSE with respect to N, = 8 or NV, = 15 is not acceptable. It is also
interesting to note that, the MSE is twice better in the range of 0 to 20 dB SNR when N, is
doubled and N, > LN,;, which means that, more optimal pilots can sigﬁiﬁcantly improve
the estimation results at low to moderate SNRs when N, > LN,. At a higher SNR level,

the MSE improvement is less significant with the increase of pilot length.

3.3.4 Experiment 4: Effect of Maximum DS

In this experiment, we examine again the MSE performance of the channel estimator as a
function of the SNR but with various DS as well as sample durations. Fig. 3.8 shows the
(;hannel estimation results with DS ranging between 0 Hz and 1000 Hz, along with a sample
rate of 1 MHz. The estimation performance at small f;s almost keeps unchanged, which
implies that the MIMO channel can be regarded as constant or quasi-static over an OFDM
symbol. However, a MIMO channel with a maximum DS of more than 100 Hz can lead
to performance degradation, since the channel within one OFDM symbol can no longer be
regarded as quasi-static, 1.e. the channel relatively fades faster. In addition, due to larger
DSs, the ICI becomés a major factor of performance loss at high SNRs. As a result, the
static channel assumption made in the previous sections dose not hold in such a case.

For comparison, another simulation with a sample rate of 10 MHz is performed. The
simulation results are shown in the Fig. 3.9, which indicates that with a higher sample rate,
the channel can be viewed as static over on OFDM symbol even with larger DSs. such as

1000 Hz. Hence, estimation performance loss may occur in systems with longer symbol
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durations. We can also deduce that, the channel estimator using training over multiple
OFDM symbols performs worse than that of using training over a single OFDM symbol,

especially under fast-fading channels.

MSE

SNR in dB

Figure 3.8: MSE versus SNR with different DSs, T = 1 us

MSE

SNR in dB

Figure 3.9: MSE versus SNR with different DSs, 7" = 0.1 s
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3.3.5 Experiment S: Estimation of Rician Channels

This final experiment investigates the perfofmance of the TSLS channel estimator for Ri-
cian fading channels with different K-factors. All system parameters are kept the same as
previous experiments, except for a non-zero K-factor which denotes a Rician fading channel
as opposed to Rayleigh fading where K = 0. Note in this experiment, only the first channel
tap is Rician process [21], while other 7 taps are Rayleigrician-amplitude.figh distributed.
Thus, we only examine the estimation performance of the first tap.

Firstly, we test on a system with an AOA being 8y = 90° and give the MSE results in
Fig. 3.10, whére K varies from 0 to 10, and K = 0 indicates Rayleigh fading. It is seen that
when 6y = 90°, the channel is nearly quasi-static during the period of on OFDM symbol.

To explain this phenomenon, we recall Eq. (2.9) for CIR of fading channels:

1
1 A , K .
h(t) = < aieJ[zﬂfd cos (i )t+¢;] + l12m fa cos (6o)t+ gol 3.13
(t) f—_}(‘*'l;:l K+ 1 (3.13)

where the initial phase ¢y is normally set to 0. Hence, when 6 = 7/2, Eq. (3.13) becomes

I
1 , K
hit) = : 7127 fq cos (8, )t+¢:) o — 3.14
) \/K+1Zae VEF1 (3.19)

i=1

which means that the CIR is a sum of the Rayleigh fading CIR plus a constant term. As
shown in the left half of Fig. 3.12, with the increase of K-factor, the amplitude of CIR
begins to increase and gets closer to 0 dB; on the other hand, the fading speed keeps almost
unchanged in terms of the K-factor, and therefore explains the situation in Fig. 3.10..

The second experiment is carried out with 8y = 0, or f; ;05 = 100 Hz. Apparently, this
channel fades faster than the former one, and a larger K can lead to visible performance loss
as shown in Fig. 3.11. This is because the second term on the right side of (3.13) becomes
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a complex periodic function with a frequency of 100 Hz.

10" :
K =10 |}
K=5
K=1
) K:()
10 f SEEE
Y b N
2 J S S
D= e S
10
10" ;
0 5 10 15 20 25
SNR in dB
Figure 3.10: MSE versus SNR in Rician fading channels, 8y = 90°
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m
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=
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Figure 3.11: MSE versus SNR in Rician fading channels, 6y = 0
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Figure 3.12: Rician fading

3.4 Conclusion

In this chapter, we have conducted a thorough study of the TSLS MIMO-OFDM channel es-
timation approach in the time domain. Optimal training-sequences were derived according
to the minimal MSE criterion, and implemented into consecutive OFDM symbols. Com-
puter simulations were carried out by using one training symbol with different system pa-
rametérs and channel conditions. The simulation results indicated that, for a MIMO-OFDM
system, where the guard interval of each OFDM symbol is no less than the channel length
and a minimum of L x NN, optimal pilots are equispacedly inserted within one OFDM sym-
bol, the TSLS channel estimator provides very satisfactory channel estimates under mod-

erate channel conditions, which are well suitable for DS estimation. We have also pointed

out that the TSLS estimation is easy to implement in practical application.
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Chapter 4

ACF based DS Estimation for

MIMO-OFDM Systems

In this chapter, we present a DS estimation method for MIMO-OFDM systems. It is based
on the ACF of the CIR, which is obtained by using the TSLS channel estimation method
in Chapter 3. Firstly, we give a brief overview of auto-correlation property of the fading
channels as well as two algorithms for the calculation of the DS under Rayleigh fading
channels. The two algorithms will be then extended for i.i.d. MIMO channels in the later
sections. The first one uf(ilizes the first zero-crossing point of the ACF curve, and the second
one calculates the inverse of Bessel function by employing the partial ACF curve, which
is divided into polynomial fitting and look-up tables schemes. The ACF based DS esti-
mator is also extended for Rician fading channels with another DS estimator proposed for
LOS path. Accuracy analyses for different algorithms are investigated thereafter. Interpo-
lation techniques are then proposed to improve the estimation performance under certain
circumstances. Finally, we give a detailed computer simulation study of the DS estimation
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for MIMO-OFDM systems with different system parameters and channel conditions, along

with comparisons between the proposed algorithms.

4.1 ACF based DS Estimation for SISO Systems

4.1.1 Auto-correlation Feature of Rayleigh Fading Channels
As reviewed in Chapter 2, the CIR can be expressed by

h(t) = R(t) + 73(2) “4.1)

For a Rayleigh fading channel, R(¢) and $(t) are independent Gaussian random variables
with zero-mean and unit variance. That is, E{R(t)} = E{S(¢)} = 0, 0§, = 0%,y = 1. In

this case, the normalized ACF of random variable R or & has the following closed form:
Rypx(7) = Raa(7) = E{R(t)R(t + 7)} = E{SO)S(t + 7)} = Jo(27 far) 4.2)

where E{-} represents expectation and Jo(-) is the zeroth-order Bessel function of the first
kind; f; is the maximum DS and 7 denotes the time delay of the delay path.

We should notice that, 7 can only be discrete values in practical processing, re.7 = kT,
where k is the index of OFDM symbols, and T, represents the time duration of an OFDM

symbol. Thus, (4.2) can be rewritten as
Rax(k) = E{R(m)R(m + &)} = Jo(2n f4kT) (4.3)

where m denotes the mth OFDM symbol. The maximum DS f; can now be calculated by

the inverse of Bessel function

_ Jo (E{R(m)R(m + k)}) _ J5 ! (Ryn(k))

4.4
4 2 kT, 27kT, (4-4)
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Note that the ACF is generated by the CIRs, which are already estimated in Chapter 3 by
using optimal training pilots along with the LS algorithm. Let the CIRs be denoted by

h(m) = R(m) + j$(m), the normalized ACF can be calculated as
Jo(27 f4kTy) = E{R(m)R(m + k) } = Rawr(k) (4.5)

where R(m) and Rex(k) denote, respectively, the real component of the CIR estimates and
the generated ACF with lag k.
Now the question becomes how to get the inverse of generated ACF. In the succeeding

sections, several ACF based algorithms are proposed.

4.1.2 DS Estimation Employing Zero-crossing Point of ACF

Jo(x)

Figure 4.1: Zeroth-order Bessel function of the first kind
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Theoretically, the generated ACF which employs channel estimates is equal to a zeroth-
order Bessel function of the first kind [22] as shown in Fig. 4.1. We can see that the
Bessel function is monotonically decreasing between 0 and the first zero-crossing point
ko = 2.4048. From (4.4) and (4.5), the estimated maximum DS fd can be calculated by

[22)
s J'(0)  2.4048

=0 i 4.6
T kT, 2nkoTl (46)

where kq represents the estimated first zero-crossing point of the normalized ACF. Assum-
ing that adequate CIRs are available for ACF computation. Hence it should be accurate
enough to estimate the first zero-crossing point ko simply by utilizing linear interpolation

for the generated ACF curve.

Figure 4.2: Linear interpolation of ACF curve for estimating the first zero-crossing point
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Fig. 4.2 shows that an ACF curve has a first zero-crossing point ko, which could be de-
termined by using linear interpolation between flm(kl) and Rm(kg), where ky = k; + 1.
Therefore, the estimated first zero-crossing point ko can be obtained by solving the equa-

tions below:

Rgr(k1)-Rrw(k2) _ Rew(ki)-Rzw(ko)
k1~ k2 k1—Fo
y  Ran(ko) =0 @)
\ ko =k +1
Namely,
bo = ky Ryn(k1) (4.8)

Ryn(k2) — Ran(k:)

provided that Rgs (k1) > 0 and Rgn(ks) < O.

The zero-crossing algorithm is summarized in Fig. 4.3

4.1.3 DS Estimation Employing ACF Curve

The zero-crossing scheme for DS estimation is efficient and simple. However, since 1t
utilizes linear interpolation, it does not give a high accuracy. Moreover, the first zero-
crossing point may not be obtained accurately due to insufficient channel estimates for ACF
computation, or poor channel conditions such as low SNR. To overcome such drawbacks,’
we can exploit the generated ACF curve for a better estimation result. Two schemes making

use of the ACF curve are proposed as follows.
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Figure 4.3: Flowchart of zero-crossing algorithm
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Polynomial Curve Fitting Scheme

It is known that the zeroth-order Bessel function of the first kind can be expanded using

Taylor series as

o0 —1)rg2n
0= 3 e

As Jo(x) is monotonically decreasing in the span of [0, 3.8317) (see Fig. 4.1), we choose
[0, 2] as our observation interval, or Jo(z) € {1,0.2239], equivalently. Then, Jy(z) can be
approximated by a 6-order polynomial [23]:

2 4 6

T T T 1
=]_—— —_— .
Jo(z) gzt 0(—576), z €[0,2] (4.9

Due to Jo(27 f4kT;) = Rar(k) = E {R(m)R(m + k)}, (4.9) can be rewritten as

2 x® . . T
1— = 4~ = Rpn(k) =
7 Y61 2301 = Fewlk) RM(% des)
i.€.
2304 Rym(k) — 1] + 5762% — 362 + 2% = 0 (4.10)

In addition, the companion matrix of the- monic polynomial p(z) = ¢ + 1z +--- +

Cn17"" 1 + 2™ is a square matrix as given by

i . 1
00 ... 0 —cg
10 ... 0 —C1
Clp)= 10 1 0 —¢p | »n>2
0 0 1 —cy s
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which can be rewritten with the given coefficients of (4.10) as

: A -
0 0 00 0 2304[1 — Rex(k)]
10000 0
01000 —576

Clp) = | (4.11)
00100 0
00010 36
00001 0

The eigenvalues of the companion matrix C(p) equal the roots of p(z) = 0. Therefore,
the roots of (4.10) can be resolved by calculating the eigenvalues of the companion matrix
4.11).

Finally, the maximum DS can be estimated by

~ T

fa= 2nkT,

(4.12)

where z is the only real and positive root of the 6-order polynomial (4.10) in the range of

[0,2]. A flowchart summarizing the proposed DS estimator is shown in Fig. 4.4.

Look-up Table Scheme

Despite the fact that the proposed polynomial curve fitting method using high-order poly-
nomials could be more accurate than searching for a single zero-crossing point by ‘linear
interpolation, a higher order polynomial results in higher accuracy as well as slower cal-
culation of the eigenvalues of the corresponding companion matrix. In order to reduce
computational complexity. a look-up table 4.1 of Bessel function within [0, 2] ié required.

Therefore. it becomes simply searching in this table for a certain value of Jy(x), which is

57



STAR'[_/*
- (
v !
Get CIRs using TSLS algorithm

v |
Generate normalized ACF Ry (k)
using real components of

N channel estimates

‘ v o
Generate companion matrix C(p)

_of polynomial
p(x)=2304[R, 5, (k)—1]+576x* =36 x*+x°

2034[1 =Ry (k)]
0
—~576
0
36
0

o

SO O =-O O
SO - OO O
S —- OO O O
-0 O O O O

 cocooco -

" Find the real and positive

eigenvalue AofC(p) ©

) v
~ FINISH

Figure 4.4: Flowchart of polynomial curve fitting algorithm
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the closet to the estimated normalized ACF Ry (k):
& = arg min |Jo(z) — Rax(k)| (4.13)
z€[0,2}

 is then utilized to calculate the maximum DS by the following equation similar to (4.12):

A

- T

Ja= omkT,

(4.14)

For example, if the estimated ACF fi’gm(k) = 0.765, the closet value of Jo(z) found in the
look-up table is Jo(1.0) = 0.7652.- Thus, an estimate of f; is obtained using (4.14) with

z = 1.0. Fig. 4.5 is a flowchart of the proposed algorithm:

(" cTART N
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' Get CIRs using TSLS algorithm |
h(m), me(l,....N ]

- Generate normalized ACF Rm(k)ﬁ
using real components of
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Search for ¥ from the look-up
table, which satisfies

x=arg mi”.\-elo.zJ'JO(x )_kmz(k”

v

%
| f"_znkTs |
~ FINISH

Figure 4.5: Flowchart of look-up table scheme



Table 4.1: Look-up table of Jy(z) with z ranging from 0 to 2.09

X 0.00 0.01 0.02| 003} 0.04| 0.05| 0.06 | 0.07 | 0.08| 0.09
0.0 | 1.0000 | 1.0000 | 0.9999 | 9998 | 9996 | 9994 | 9991 | 9988 | 9984 | 9980
0.1]09975| 9970 | 9964 | 9958 | 9951 | 9944 | 9936 | 9928 | 9919 | 9910
0.2] 9900 | 9890 9879 | 9868 | 9857 | 9844 | 9832 | 9819 | 9805 [ 9791
03] 9776 | 9761 { 9746 | 9730 | 9713 | 9696 | 9679 | 9661 | 9642 | 9623
04| 9604 95841 9564 | 9543 | 9522 1 9500 | 9478 | 9455 | 9432 | 9409
05| 9385 9360 | 9335|9310 | 9284|9258 | 9231 | 9204 | 9177 | 9149
0.6 9120 9091 | 9062 | 9032|9002 | 8971 | 8940 | 8909 | 8877 | 8845
0.7 8812} 8779 | 8745 | 8711 | 8677 | 8642 | 8607 | 8572 | 8536 | 8500
0.8 8463 | 8426 | 8388 | 8350 | 8312 | 8274 | 8235 | 8195 | 8156 | 8116
09| 8075 8034 7993 | 7952} 7910 | 7868 | 7825 | 7783 | 7739 | 7696
1.0} 7652 | 7608 | 7563 | 7519 | 7473 | 7428 | 7382 | 7336 | 7290 | 7243
1.1 7196 7149 7101 [ 7054 | 7006 | 6957 | 6909 | 6860 | 6810 | 6761
1.2 | 6711 ] 6661 | 6611 [ 6561 | 6510 | 6459 | 6408 | 6356 | 6305 | 6253
1.3 | 6201 | 6149 6096 | 6043 { 5990 | 5937 | 5884 | 5830 | 5777 | 5723
1.4) 5669 | 5614 | 5560 | 5505 | 5450 | 5395 | 5340 | 5285 | 5230 | 5174
1.5 5118 5062 | 5006 | 4950 | 4894 | 4838 | 4781 | 4725 | 4668 | 4611
1.6 | 4554 | 4497 | 4440 | 4383 | 4325 | 4268 | 4210 | 4153 | 4095 | 4038
1.7 3980 | 3922 3864 | 3806 {3748 | 3690 | 3632 | 3574 | 3516 | 3458
1.8 | 3400 | 3342 | 3284|3225 3167|3109 | 3051 | 2993 | 2934 | 2876
1.9 2818 | 2760 | 2702 | 2644 | 2586 | 2528 | 2470 | 2412 | 2354 | 2297
2.0 2239 2181 2124 | 2066 | 2009 | 1951 | 1894 | 1837 | 1780 | 1723
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4.1.4 DS Estimation for Rician Fading Channels

In the preceding sections, a Rayleigh fading channel model is assumed. Nevertheless, the
proposed schemes cannot be directly applied to Rician fading channels since the generated
ACF is no longer a Bessel function. As shown in Fig. 2.8 where K = 10, f; = 100 Hz
and 8y = 0, 1000 CIR estimates are utilized to generate the normalized ACF curve. For a
specific f4, both channels have different ACF curves. As a result, a large MSE would occur
if the previous estimation schemes proposed for Rayleigh fading channels are employed for
Rician channels.

Recall that the ACF of Rician fading channél (2.21) with a substitution of 7 = kT is
given by

1
K+1%

Ryn(k) = (27 fqkT,) + cos (2 f4 cos (60)kT) (4.15)

K+1
where K is the ratio of the power of the LOS component to the scattered component, 6 is

the AOA of the LOS component. Here, we separate the ACF into two cases with regard to

0o. While 0y is equal to 90° (see Fig. 4.6), (4.15) becomes

K
Jo(27 fukT,) + —— (4.16)

1
w(k) =
Ren (k) K+1 K+1

Thus the second term of (4.16) can be viewed as a Direct Current (DC) component, which
can be further removed by eliminating the mean value of the estimated CIRs [11]. When

By # 90°. we have an interesting result,

JO(andkTs) +

lgl_rgc Rex(k) = }\h—?;c { s 1 cos (27 fok'T cos 90)}

= cos (27 fqkT cos Bp) 4.17)
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Figure 4.6: Normalized ACF when ¢y = 90°

which implies that the ACF can be approximated by a cosine function with a relative large
value of K.

Fig. 4.7 shows an ACF curve of Rician fading channels with K = 10 in reference to a
cosine ﬁmctioﬁ, that is generated based on 1000 CIRs, where k., represents the first valley
point and also the half-period (7) of the ACF curve. It indicates that with a relative large K-
factor, the ACF curve is periodical with the same period as the reference cosine function. On
the other hand, the envelope of ACF curve drops gradually. The more the channel estimates
used for ACF computation, the slower the envelop of ACF declines. Fortunately, the first
half-period of the generated ACF can always be reliably utilized to calculate f; cos 6y, which

is actually the DS of the direct path, or LOS path. According to Eq. (4.17), the direct path
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Figure 4.7: Normalized ACF curve of Rician fading channel
DS can be determined by
2n fak,Tscosby =

or,

p T 1

faLos = facosby = (4.18)

ok, T, 2k,T,
where k, denotes the first valley point of the estimated ACF curve.

Moreover, if §y is known a prior to the receiver, the maximum DS can be simply obtained

by
. 1

Ja= 2k, T cos Oy (4.19)

A flowchart (Fig. 4.8) is drawn below to summarize the proposed algorithm for Rician

fading channels.
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Figure 4.8: Flowchart of LOS DS estimator
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4.2 ACF Based DS Estimation for i.i.d. MIMO-OFDM Sys-

tems

In this section, we propose several ACF based DS estimation approaches for i.i.d. MIMO-

OFDM systems.

4.2.1 Rayleigh Fading Channels

First of all, we recall the MIMO channel model described in Chapter 2
L-1
Ya(m) =Y Hy(m)%n_i(m) + va(m) (4.20)

=0

where the {th tap channel matrix for the mth OFDM symbol is given by

Wm) Bm) . R (m)
B2 (m) BE2m) .. BEM(m)

H,(m) = (4.2
hfv”l(m) h,N”2(m) h;V”N‘(m)JNXN

Here, the element h""*(m) represents the CIR between the n,th receive antenna and Fhe
ntthrtransmit antenna.. For the i.i.d. MIMO channel, elements h;'"™* (m) (n, €{0,..., N, },
ne € {0,..., N;}) are independent complex random variables. If there is no LOS propa-
gation, i.e. the Rayleigh fading case, they are also known as circular symmetric Gaussian
random variables. Therefore, for each pair of transmit and receive antennas, we have an
ACF of Ryn(k) = E {hy""™ (m)(h;"™ (m + k))*} = Jo(27 f4kTs), where T denotes

OFDM symbol duration and k represents the index of OFDM symbols.
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Define

h(m) = [hf(m),...,hT_;(m)]"

as the mth discrete-time CIR vector, where hy(m) = vec (H;(m)

vec (H;(m)) represents the vector associated with the Ith channel tap Hj, i.e.

hy(m) = [(}(m))7,..., (b (m))T]"

where

nt st ], IV, T
hi*(m) = [h,1 (m),..., k) (m)]

Thus, the correlation matrix of vector h can be expressed as

Ryn(k) = E {h(m)h" (m + k)}
= dlag {Rhoho(k)7 LR RhL—th—l (k)}

= Jo(27 fakTs) I Ny,
where I, v, N, 1s an identity matrix of size LN,N, x LN,N,, and
Ry (k) = [Rip, (K), ..., Ry (K)]

with
R, (k) = [Ry(K),. .., Rayrt (k)]

For the real components of CIRs, we have a similar form as given by

Rayw (k) = Jo(2m fukTs )X NN,

(4.22)

), and the operation

(4.23)

(4.24)

(4.25)

(4.26)

4.27)

(4.28)

Therefore, the estimated DS fd for each h;""*(m) can then be obtained by the proposed

algorithms as follows:
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* zero-crossing algorithm:

- 2.4048 '
e L (4.29)
i 2r koTs

where ko is the estimated first zero-crossing point of the estimated normalized ACF
Bt (k) = E{R)"™(m)R)™ (m + k)} = Jo(2m fokT,) (4.30)

which is obtained by linear interpolation

S (kl)

ko = K1 LYgagy e (431)
r t (k2) r t (kl)
* polynomial curve fitting algorithm:
firne T
! 2rk T, (432)

where z is the real and positive root of the polynomial 2304[12"’"‘ (k) — 1]+ 576x2 —

36z* + x°% = 0,and x € [0, 2).

* look-up table algorithm:

Y] — z .
Y kT, (4.33)

where 7 , determined by (4.13), is the closest value of R"T %, (k) in the look-up ta-

ble 4.1 of Bessel function Jp(z).

Note that for a MIMO channel with NV, receive antennas, NV, transmit antennas and L
FIR taps, the estimated maximum DS can be simply calculated by taking an average of all

the DS estimates over all pairs of antennas:

Ny N; _

fa=E{fi;") = Z > Z frent (4.34)

nr=1n¢=11=0
where A/ = N, x N, x L.
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However, due to relatively small number of CIR estimates or severe channel conditions
such as low SNR, the maximum DS calculated by (4.34) may lead to performance loss (see
Fig. 4.9), such as the absence of zero-crossing point and a shape change of the ACF curve.
Therefore, the more efficient way is to reform an averaged ACF over all CIR k"™ (m) in

advance, namely,
i X LA 2
Ram(k) =E{Rgzi(k)} = 323 D > Raa (k) (435)
nr=1nt=1 =0

and then calculate fd by employing the proposed estimators. This way can save processing

time greatly and can also have little effect from incorrectly estimated f;‘;’"‘ .

. A
Ry ()

Averaged ACF of all links
— ACF of single link

0 A » /\/\M/\AVAV/\[\AAM%AA >>
D SRASS A

Figure 4.9: Averaged ACF of all links versus the ACF of single link, SNR = 0 dB
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4.2.2 Rician Fading Channels

In general, all the multi-path components can be divided into two groups in MIMO channels
[21]. Some of the discrete paths present Rician fading processes which contain a LOS com-
ponent with a non-zero K-factor. The remaining discrete paths are independent Rayleigh
fading processes which have no LOS component at all.

In this thesis, we assume that only the first tap of the FIR filter, or non-delay path, is a
Rician fading process, and the remaining N, x N; x (L—1) NLOS paths are Rayleigh fading
processes. Under this‘ assumption, we conduct two estimations, one for the maximum DS
fa that can be estimated by normal DS estimatdrs using the N, x N, x (L — 1) NLOS paths;
the other for the direct path DS, or f; 105, that can be done by utilizing Eq. (4.18), along
with the first FIR tap, containing N, X N, paths in total. Moreover, the AOA 0, can be

determined by using Eq. (4.19), i.e.

6y = arccos (%) (4.36)
d

4.3 Accuracy Analysis of Proposed Algorithms with Pos-

sible Practical Solutions

In this section, we first analyze the accuracy of the proposed four DS estimation algorithms.

We will also provide some suggestions for practical implementation of these algorithms.
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4.3.1 Zero-crossing Scheme

A decent investigation of the accuracy problem of zero-crossing method has been done in
[22]. It was pointed out that the pdf of the zero-crossing point estimated by linear interpo-
lation dose not strictly follow a normal distribution. As a result, a normal arithmetic mean
is no longer suitable for such a scheme. At the same time, the pdf of the zero-crossing point
varies with the DS, and thus an'accurate estimation is relatively difficult to achieve.
Beside the nen-normal distfibution, the generated ACF curve is hard to stabilize without
sufficient channel estimates, and sometimes even no zero-crossing point can be found due to
inadequate estimated CIRs. As mentioned in the previous section, to improve the estima.tion
accuracy, all ACFs generated by all pairs of the transmit-receive links shall be averaged to
reform an ACF, which on the other hand can largely reduce the entire processing time.

We can make a simple transform from Eq. (4.6)

- 2.4048

ko = - 4.37
271'de5 ( )

0

which indiéates that with a larger f;, less points are available in the range of [0, ko]. Con-
sequently, the accuracy of estimating the zero-crossing point between two points &; and
ki + 1 will degrade. To improve the performance of this estimator, non-linear interpola-
tion techniques can be employed, such as spline method and polynomial fitting. Spline
interpolation uses low-degree polynomials in each of the given intervals, and chooses the
polynomial parameters such that the ACF is well matched. Fig. 4.10 compares the linear
interpolation and spline interpolation in reference to the Bessel function. Apparently, the

ACF with spline interpolation almost coincides perfectly with the ideal Bessel function, and
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hence can largely improve the estimation accuracy.

A
Ryw (k)

Normalized ACF with linear interpolation
Normalized ACF with spline interpolation
Bessel function Jo (27 f3kT)

zero—crossing point

Figure 4.10: Linear interpolation and non-linear interpolation

On the contrary, a small f; may also lead to a low accuracy. According to (4.37), with
a smaller fy, a larger ko occurs, which means in order to obtain the zero-crossing point, a
minimum of ky, CIR estimates are required to generate an ACF curve. Furthermore, it is
undetectable when f; = 0, due to ky = oo in this case. Hence, sufficient CIR estimates

should be collected prior to DS estimation.

4.3.2 ACF Curve Schemes

Two algorithms have been proposed to make full use of the generated ACF curve. Unlike

the zero-crossing scheme, f,; is not estimated by linear interpolation but directly calculating
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an inverse of Bessel function. That is to say, the estimation is supposed to be accurate as
long as there exists a single point on the observation span of the ACF curve. However,

performance degradation is observed in simulations and can be explained in Fig. 4.11.

Figure 4.11: Choosing partial ACF curve

From Fig. 4.11, we can see that the closer to 1 the Bessel function moves, the larger
offset is observed on the x-axis while with the same offset on the y-axis. Fig. 4.12 shows
the slope of the Bessel function Jy(z) in the range of x = [0, 3]. Taking Fig. 4.11 and 4.12
into consideration, we can conclude that a large error could be induced by a large slope.
Therefore, we need to choose a part of the ACF curve that has the lowest slope, which in
particular can be approximately determined by Jo(1.7) = 0.398 and Jy(2) = 0.2239. An-

other typical problem for such schemes is point-lacking while the mentioned span is too
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Figure 4.12: Slope of Bessel function Jy(z)

small. In other words, f; is too large such that no point exists within the region, since fy
is proportional to % according to Eq. (4.12). In that case, it also can be solved by interpo-
lation, such as spline interpolation method shown in Fig. 4.10. In addition, similar to the
zero-crossing scheme, a tiny f; can also lead to a large estimation error especially when

- inadequate CIR estimates are used.

Polynomial Curve Fitting Scheme

Since it is essentially a polynomial fitting method, estimation errors can be expected with
lower-order polynomials. In the previous section, we discussed about a six-order polyno-

mial (4.10) with an error term of O(c}) when z € [0,2]. Although higher-order polyno-
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mials are more accurate, it on the other hand results in higher computational complexity.
Therefore, in the simulation section we only test on a simple yet more precise method,

which searches for the z = J; ' (y) values from a look-up table.

Look-up Table Scheme

This method stores the inverse value of Bessel function into a read-only memory (ROM).
Pr(ecisi‘on_is therefore controllable within [1.7, 2]. However, despite of such promising fea-
tures, memory capacity increases with higher accuracy requirement, and meanwhile, the
time spent on searching the closest value in the look-up table may also increase. A better
searching method such as binary sear‘ch tree (BST) (see Fig. 4.13) could be utilized to ac-
celerate the searching process [24]. This operation requires a running time of O(log n) on
the average, which is much better than a linear search that requires O(n), especially when

searching in a large table that is well-sorted.

Figure 4.13: A typical binary search tree
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4.3.3 Half-period Scheme for LOS DS

Estimation performance also depends on the LOS DS according to fd’ ros = fqcosby =
s = s~ When g is equal to 90° or fy = 0, the valley point of the ACF curve is
thus undetectable, i.e. the first valley point &, is infinite (Fig. 4.6). And if f; is tiny or o
is considerably large, more channel estimates are required for an accurate estimation. The
extreme case occurs when fa1s small or 8y 1s close to 90 degrees with inadequate channel
estimates. In this case, no real valley point exists. The remedy is to consider the minimum

value of the ACF min Rgg(k), and the corresponding index k is viewed as the valley point

k, as shown in Fig. 4.14. It shows an offset between the real valley point and the lowest

Normalized ACF
— — —cos(27 fy,L0s kT5)

> P>

Figure 4.14: ACF when f; ;05 is small
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point of the ACF denoted by Ak = ky rear — ky, Where &, ,q1 is the real valley point. As a
very large error could happen in this case, a large number of CIR estimates should be used
at the cost of higher computational complexity.

‘On the other hand, when f; 105 is quite large, less points are available within one period
of ACF. As shown in Fig. 4.15, the smallest valley point has a large shift A; from the real
one and consequently yiélds an in;orr¢ct estimate. Non-linear interpolation can largely
improve the performance in such situations as shown in Fig. 4.15, which will be verified in

the experiments in the next section.

Ry (79)A

COS (27de,LOS kTs)

Normalized ACF with spline interpolation
Normalized ACF

Figure 4.15: Cosine-like ACF curve and interpolation

Besides, since the period of the ACF almost keeps constant as shown in Fig. 4.7. instead

of simply picking the first valley point k.., multiple valley as well as peak points on the ACF
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curve can be used together to improve the estimation performance by taking an average of
all these valley and peak points against their corresponding periods. The direct path DS is
thus determined by

R 1 .
faros = KT, (4.38)

where k. denotes the effective first valley point, as given by

1k ks kuy 1k,
L T i 2o B
where U is the number of available valley and peak points on the generated ACF curve, and

k., represents those estimated valley and peak points of the uth half-period (), which are

ordered as shown in Fig. 4.16.

Figure 4.16: Valley and peak points on the ACF curve
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4.4 Simulation Results

In this section, the performance of the TSLS channel estimator and the three DS estima-
tors are investigated through computer simulations. Different system parameters and two

channel conditions are considered.

4.4.1 Rayleigh Fading Channels

We start with simulation study of the DS estimators in i.i.d. Rayleigh fading channels. By
default, a MIMO-OFDM system with 4 receive and 2 transmit antennas is examined. The
QPSK modulation is used in the transmitter to create signals with a sample duration of
1 ps. The guard interval is set to be 8, which is equal to the channel length. A total of
16 optimal pilots are inserted equispacedly within one symbol which consists of 128 sub-
carriers before OFDM modulation. The fading channel is modeled as an 8-tap FIR filter
with a maximum bS of 100 Hz. Those channel taps are normalized with averaged path
gains of 0 dB, and path delays vary from 0 to 1 x 8 = 8 ps by one sample duration of 1
us. At the receiver side, AWGN is added at each receive antenna with an SNR defined by
Eq. (3.11). TSLS channel estimation is performed right after.OFDM demodulator, with
100 channel estimates being attained to compute a normalized ACF, which is the average
of N, x Nyx L=4x2x8= 64 ACFs. Tﬁereafter, two DS estimators are simulated and
compared. The estimator using a look-up table is tested in the first four experiments, where
the precision of the look-up table of Jy(z) is assigned to 1072 with z € [1.7. 2]. In another
word. 301 values of Bessel function is stored in advance. In the last three experiments, the

DS estimator using look-up table is compared with the one using zero-crossing point.
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Experiment 1: Effect of Receive Antenna Configurations

In this experiment, the number of receive antennas varies from 1 to 4, while the transmit
antennas are fixed at 2. Here, the normalized mean square error (NMSE) of the estimated

DS is defined as
Ny Nt L- 1 nr nte fd)2

NMSE = — ZZZ &l

n,-—l ni=1 =0

(4.40)

where M = N, x N; x L. Note thatin Eq. (4.35), ACF is pre-averaged over all channel links

of L taps before processing for stability and accuracy. Thus, (4.40) can now be simplified

to

NMSE = (—f“—;gi‘)i | (4.41)

10
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[@p]
=
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SNR in dB

Figure 4.17: NMSE of f'd versus SNR for different receive antenna configurations
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In a similar test of channel estimator in Chapter 3, it turns out that a 3 dB gain is achieved
when receive antennas are doubled. However, as Fig. 4.17 indicates, the performance im-
provement with increasing the number of receive antennas is almost ignorable, since the

average difference between the best (V; x N, = 2 x 4) and the worst (N, x N, =2 x 1)
cases is around 5 x 10~3. On the other hand, the AWGN has a great effect on the NMSE.
As seen from Fig. 4.17, the NMSE gradually decreases as SNR is getting larger, and starts
to stabilize at SNR =~ 15 dB. This is due to the disturbance of the TSLS channel estimator,
which affects the shape of the generated ACF curve. Therefore, a better channel estimator

is required for systems with low SNRs.

Experiment 2: Effect of Guard Intervals

10
10"
3
2
=
w0
Z
107
10-3 1 ] 1 ] -
0 5 10 15 20 25
SNR in dB

Figure 4.18: NMSE of fd versus SNR with regard to guard interval
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This experiment compares the performance of the DS estimator with different guard
intervals or CP. From Fig. 4.18, we could confirm that sufficient guard length L, which is
no less than the maximum channel length L (L = 8), results in a promising performance.

In addition, the tolerance of unpredictable path delays makes it a satisfactory estimator.

Experiment 3: Effect of Optimal Pilots

In this experiment, the system is performed with different numbers of optimal pilots over
one OFDM symbol, which varies from a minimum of 16 pilots to 128 pilots or pilot sym-

bol. A better performance is observed in Fig. 4.19, which is due to a larger amount of

pilots. When pilot symbols are utilized in the simulation, the performance of partial-curve

0
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Figure 4.19: NMSE of fd versus SNR with different number of pilots
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algorithm which is SNR-sensitive can be largely improved especially at low SNRs. There-
fore, a better channel estimation scheme, such as the combination of optimal pilots and data

stream, a.k.a. semi-blind channel estimation, is required for ACF based DS estimators using

part of the ACF curve.

Experiment 4: Effect of Sample Rates

In this experiment, two MIMO-OFDM systems with different sample rates are investigated

as shown in Fig. 4.20. The figure indicates that a system with a longer symbol duration has

NMSE of f,

10

0 5 10 15 20 25
SNR in dB

Figure 4.20: Comparison between systems with different sample rates of 1 ps and 0.5 us

a better performance. According to k = /(27 f,T), the index k is inverse proportional
to the symbol duration T for a specific f; and same amount of CIR estimates. As a result,
longer symbol duration leads to a smaller k. or in other words. with the same amount of
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CIR estimates required to form the ACF curve, a DS estimator with a small k¥ can be much

more accurate than that with a large k.

Experiment S: Comparison of Two Estimators with Different Number of CIR Esti-

mates
In this experiment, the proposed two estimators are compared at 20 dB. Since f; = 100 Hz,
the amount of available points within [0, 2.4048] can be calculated by

24048 0.3828
~ 2mfyT, 100 - (128 + 8) - 10-6

=~ 28

whiéh means, at least 28 CIR estimates are required for generating the ACF curve on
[0, 2.4048]. Hence, a number of CIR estimates varying from 50 to 1000 should be suffi-
cient.

Undoubtedly, Fig. 4.21 indicates that with the increase of CIR estimates for ACF gener-
ation, higher accuracy is achieved. The zero-crossing scheme performs better with a small
number of CIR estimates, however, with_ adequate estimates, the estimator using partial
ACF curve overtakes the former when the number of CIR estimates reaches 200. There-
fore, we could conclude that the zero-crossing scheme is suitable for the situation where a
small number of CIR estimates are available at the estimator, while the partial-curve scheme
is for higher accuracy purposes. Besides, for the partial-curve estimator, the accuracy will
infinitely near 0 as long as we provide with more accurate channel estimates and a look-
up table that has a higher precision; on the other hand for the zero-crossing estimator, the
precision is limited, it depends on the precision of the two points k; and &y + 1, which are

affected by various factors according to Eq. (4.6).
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Figure 4.21: Comparison of two estimators with different number of CIR estimates

Experiment 6: Comparison of Two Estimators for Different DSs with A Spline Inter-

polation Enhanced Method

Two schemes are implemented and examined for different DS varying from 50 Hz to 1
kHz, when SNR equals 20 dB and 100 channel estimatés are used. As it is shown in the
Fig. 4.22, generally no matter which scheme we choose, a better performance is observed
with larger DS. Unsurprisingly, partial-curve scheme does a better job than its counterpart
when f; > 200 Hz.

In this experiment, the minimal channe] estimates required for obtaining the first zero-
crossing point varies from 2.4048/(2750 - 107%(128 + 8)) ~ 56 down to 2.4048/(271000 -

1075(128 + 8)) ~ 3. Hence, larger DS can result in higher accuracy. A performance loss
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Figure 4.22: Comparison of two estimators for different DSs with a spline interpolation
enhanced method at 20 dB

of zero-crossing scheme has happened as expected when DS is extremely large, which is
due to the low precision of the two points k; and k; + 1 that determine the zero-crossing
point by linear interpolation.

However, we can see that the partial-curve scheme is unable to detect the DS at 1000
Hz, which is due to nonexistence of Ry (k) within the optimally chosen span of the ACF
curve: [1.7,2]. It can be solved by expanding the stated span, which may increase error
probability or introducing interpolation methods without any performance gain though.

As has been analysed in the preceding section, this experiment confirms that. the per-
formance of zero-crossing method degrades with the increment of f, at higher DSs. Thus,
we compare the original zero-crossing method with the spline-interpolation powered one,
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and the latter shows a performance gain at large DSs.

Experiment 7: Comparison of Two Estimators at Different SNRs

The simulation is carried out at 0 and 20 dB respectively for both estimators at different

DSs varying from 50 to 1000 Hz. Simulation results from Fig. 4.23 show that zero-crossing

—6— SNR=0, partial-curve |;
——8— SNR=20, partial-curve|]
| 7 SNR=0, zero—crossing | |

.| —=— SNR=20, zero—crossing ]

NMSE of fd

10 1 i
0 200 400 600 800 1000
fd in Hz

Figure 4.23: Comparison of two estimators at different SNRs -

scheme is almost noise-insensitive with a slightly performance loss at 0 dB. On the contrary,
partial-curve scheme performs relatively worse than its rival at low SNRs, which can be
improved by introducing better channel estimation algorithms according to Experiment 3.
We could also conclude that, the zero-crossing scheme is more suitable for severe channel

conditions and a low accuracy requirement; and the other scheme is better for high accuracy
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purpose at moderate to higher SNRs.

4.4.2 Rician Fading Channels

All of the previous experiments are carried out in Rayleigh fading channels. While in the
next five experiments, Rician fading channel is considered with similar system parameters
except for an LOS component with specific K-factors and different AOAs. By default, it
is modeled as an 8-tap FIR with 2 transﬁit and 4 receive antennas, only the first tap or
non-delay path is assumed to be Rician fading with an AOA of 0 degree and a K-factor of
10, and other paths are normal Rayleigh fading channels with a maximum DS of 100 Hz, in
another Word, the direct path DS is set to the same as maximum DS f; 05 = fscos6y =
100 - cos0 = 100 Hz. The normalized ACF is generated and averaged by employing all
channel links of the first tap, which contains NV, x N; = 4 x 2 = 8 links. In the following
experiments, we merely examine the performance of the direct path DS estimator, since
other NLOS paths are all Rayleigh fading processes which can be utilized to calculate DS
by corresponding estimators, and the performance is supposed to be the same as those in
Rayleigh fading channels. The direct path DS estimator makes full use of all the valley and
peak points on the normalized ACF curve generated by channel estimates, and the DS is

calculated by Eq. (4.38).

Experiment 1: Effect of SNR

In this expériment, the estimation is performed for SNRs varying from 0 to 25 dB as shown
in Fig. 4.24. Clearly. the proposed estimator for direct path DS is noise-insensitive. The

poorly estimated CIRs at low SNRs indeed affect the shape of the generated ACF curve.
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Figure 4.24: NMSE of f; ;05 versus SNR

however, those peak or valley points do not make remarkable offsets from their real posi-
tions. Moreover, the average of ACFs over all the links of the first channel tap, which in

this case is IV, x N, = 4 x 2 = 8 in total, can greatly relieve the effect of AWGN (see
Fig. 4.9). On the other hand, the average of all peak and valley points by Eq. (4.38) and
(4.39) provides a considerably higher accuracy than a single valley point representing the

first half period of ACF.

Experiment 2: Effect of CIR Estimates

In this experiment, we investigate the performance of the proposed LOS DS estimator using

different number of CIR estimates with a SNR of 20 dB. Here, we assume the direct path DS
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is 200 Hz, as doubled peak or valley points are available on the ACF curve with 100 points
in total than that of 100 Hz, so as to make estimation results more stable. For example, the
available points during one period of the ACF with a f; ;05 = 100 Hz is 1/(100 - 1076 -
(128 + 8)) ~ 73, while the one with a f; ;05 = 200 Hz is 1/(200 - 10~° - (128 + 8)) =
36. For a specific number of channel estimates, e.g. 100, the former offers 100/73 =~ 1
period, or a valley point plus a peak point for further averaging. ‘While the latter offers
100/36 = 2.5 periods, or in other words, 4 valley points along with 3 peak points for

averaging. Obviously, the latter is much more stable and accurate.

NMSE of fd,LOS

0 200 400 600 800 1000
Number of channel estimates

Figure 4.25: NMSE of fd, Los versus number of channel estimates

Simulation results show that the performance improves rapidly as we increase the num-

ber of CIR estimates utilized for ACF generation. We can also presume from Fig. 4.25 that
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the NMSE will reach a limit around 10~7 with more than 1000 CIR estimates. According
to Eq. (4.38) and (4.39), with more channel estimates, more periods, or peak and valley

points of the ACF curve are available for average, thus giving a more accurate yet stable

result.

Experiment 3: Effect of K-factor

This experiment simply investigates the effect of K-factor when SNR equals 20 dB. Ac-
cording to our assumption in the previous section, the ACF curve is cosine-like when K is

considerably large. Fig. 4.26 implies that, with the increase of K-factor, the NMSE of the

0

10

NMSE of fd,LOS

10

10 -

Figure 4.26: Effect of K-factor

estimator keeps almost constant, which means the proposed algorithm for estimating the
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direct path DS is very suitable for Rician fading channels. Nevertheless, we should note
that these simulation results are based on quantities of Monte Carlo tests, which provides
an average performance. Thus, a lower K-factor may lead to unstable estimates in real-time

processing as the ACF curve is influenced by the NLOS components from Eq. (4.15).

Experiment 4: Effect of AOA

NMSE Of fd,LOS 4

0 10 20 30 40 S50 60 70 8 90
AOA in degree

Figure 4.27: Effect of AOA

This experiment investigates a MIMO-OFDM system in the Rician fac_ling channels
with a maximum DS of 200 Hz at 20 dB. The AOA is varying from 0 to 85 degrees, and
correspondingly the direct path DS ranges between 17 Hz and 200 Hz according to f4 105 =
fa cés fy. In addition, 100 channel estimates are in use. Hence, no real valley point exists
(Fig. 4.14) when AOA is no less than 80 degrees, that is to say more than 1/(2 -. (128 +8) -
1076200 - cos 80°) = 106 > 100 points are required for obtaining a valley point on the
ACF curve. As discussed in thé previous section, we choose the minimum of f?m\\(l;) as
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the valley point, which causes the estimation error shown in Fig. 4.27.

Starting from 80 degrees, CIR estimates becomes insufficient for searching for the real
smallest valley point of the ACF curve. Those estimated direct path DSs are thus unreliable.
The extreme case occurs when 8y = 90°, i.e. f; 105 = 0, the index k — oo, which means
fa.L0s 1s undetectable. We can also conclude from Fig. 4.27 that, when AOA is smaller or

equivalently f; ; os is relatively larger, a better estimation performance is obtained.

Experiment 5: Estimation of f; 105 with and without Interpolation

This experiment investigates the estimation performance with different LOS DSs. We have
analyzed the possible performance degradation due to inadequate points during one period
of the ACF curve when f; ;05 gets larger, which is shown in Fig. 4.15. To overcome such
drawback, non-linear interpolation is implemented. Through extensive simulations, we
have found that spline interpolation is the best rﬁethod to improve the estimation accuracy.
A total of 200 channel estimates are used for ACF generation to make sure at least 1 period
of ACF curve is available.

Fig. 4.28 shows two simulation plots obtained under 20 dB with f; ; o5 varying from 50
to 1000 Hz. Similar to the proposed estimators for Rayleigh fading channels, the index % is
inverse proportional to fa.r0s. Thus, for a larger DS, fewer points are required to generate
an ACF curve within a period. On the other hand. with fewer points during one period,
the valley or peak points, which are estimated by searching for the minimum or maximum
value of ACF within their spans, are very likely to have an offset from the real valley or
peak points, as shown in Fig. 4.15. Therefore, thanks to the average of all available peak and

valley points on the ACF curve. a performance gain is achieved at large f;;0ss. With the
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help of spline interpolation, a noticeable improvement emerges when f4 1,05 varies between

200 and 1000 Hz.
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Figure 4.28: NMSE of f, 105 versus f; with and without spline interpolation

4.5 Conclusions

In this chapter, four DS estimation algorithms have been proposed for MIMO-OFDM sys-
tems by taking Rayleigh and Rician fading channels into consideration, which employ the
ACF generated by the TS based channel estimation utilizing LS algorithm. A zero-crossing
algorithm is proposed in the first place, followed by two algorithms that make use of part

of the ACF curve, one of which calculates the inverse of Bessel function by polynomial



curve fitting, and the other searches for the nearest values of Bessel function by a look-up
table. Then, the fourth estimator is proposed for MIMO-OFDM systems in Rician fading
channels, which searches for valley and peak points in each period of the ACF. A detailed
analysis of estimation accuracy and computational complexity is presented for the proposed
DS estimators, along with several suggestions on various situations.

Thereafter, a computer simulation study of the proposed DS estimators is carried out
with different system parameters and channel conditions. In Rayleigh fading channel case,
seven experiments are performed including different antenna configurations, guard inter-
vals, optimal pilots, signal sample rates, channel estimates and comparisons between the
zero-crossing scheme and look-up table scheme with regard to different SNRs and inter-
polation approach. While in Rician fading channel case, five experiments are performed
including different SNRs, amount of channel estimates. K-factors, angle of arrivals, and
comparisons of the estimators with and without the enhancement of interpolation.

Finally, we can conclude from all the simulation results that, under moderate noise con-
ditions with adequate MIMO channel estimates, ACF based DS estimators provide promis-
ing performance for MIMO-OFDM systems in either Rayleigh or Rician fading channels.
All proposed'e_stimators perform well in fast-fading channels, or large DSs; while in slow-
fading channels, or in other words, with small DSs, higher computational complexity is
required. As for specific estimators, the zero-crossing scheme is very noise-insensitive,
which is well suited for severe channel conditions and a moderate accuracy requirement.
The partial-curve schemes offer higher accuracy, although at low SNRs they do not perform
as well as that at higher SNRs. Besides, non-linear interpolation method such as spline inter-

polation can be regarded as enhancement of the proposed estimators in particular situations.
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Chapter 5

Conclusions and Future Work

5.1 Summary

In this thesis, the TS based channel estimation issue of MIMO-OFDM systems has been
first studied. The resulting channel estimates are then utilized to develop the ACF based DS
estimators. Thereafter, four ACF based DS estimation methods for MIMO-OFDM systems
have been proposed under both Rayleigh and Rician fading channels, with detailed accuracy
analysis. Computer simulations and comparisons have been carried out to investigate the
performance and computational complexity of different schemes.

The first chapter has highlighted the next generation wireless communication tech-
niques, including the MIMO and OFDM systems, their channel estimation and DS esti-
mation for performance improvement.

In Chapter 2, the latest techniques for wireless communication systems, such as MIMO
and OFDM technologies, have been briefly reviewed along with basic concepts of DS and

wireless channel models. The combination of MIMO and OFDM techniques have also been
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discussed.

Chapter 3 is dedicated to a TS based MIMO channel estimation method. First, the mod-
elling of MIMO-OFDM systems including the transceiver, channel model, signal model and
the design of optimal pilots has been studied. Next, we have studied channel estimation in
the time domain for MIMO-OFDM systems, followed by a simulation study with several
system parameters and channel conditions to prove the reliability of the channel estimation
algorithm.

Finally in Chapter 4, four ACF based DS estimation schemes for i.1.d. MIMO-OFDM
~ systems have been proposed under Rayleigh and Rician fading channels. Three of them are
used in NLOS paths, in which one calculates the DS by employing the first zero-crossing
point of ACF, while others employ partial ACF curve for obtaining the direct inverse of
Bessel function by polynomial curve fitting and looking up a table, respectively. The re-
maining estimator is particularly for the LOS paths, which utilizes the periodicity of ACF
curve. After that, we have performed plenty of experiments to study the performance of
the proposed four DS estimators. The simulation results have shown that, the zero-crossing
scheme achieves rather homogeneous performance for all channel conditions and a rela-
tive low computational complexity than partial-curve schemes, which makes it perfect for
general use; whereas the partial-curvevscheme performs better under relative better channel
conditions, making them more suitable for higher accuracy situations. Also a satisfactory
performance of the direct path DS estimator for LOS paths has been shown in MIMO-
OFDM systems with various K-factors and channel conditions. Moreover, non-linear inter-
polation techniques have also been implemented for the proposed estimators under certain
circumstances as far as the performance and stability issues are concerned.
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5.2 < Future Research

The possible directions of future research are listed as follows:

* As described in this thesis, ideally uncorrelated channel model has been chosen. Al-
though it is widely accepted as an effective model, in practice, correlated channel is
possibly expected, for instance, insufficient antenna spacing. Therefore, correlated
channel model should be considerqd in the future research with proper channel esti-

mation algorithms [25] and corresponding decorrelation techniques.

» The TS based cf]anﬁel estimation algorithm has been used for further Doppler éstima-
tion. While it has one drawback, that is, sacrificing frequency efﬁcienéy to get a more
reliable estimation result. This can be solved by introducihg a combination of train-
ing sequence and blind estimation schemes. which is well known as the semi-blind
algorithm [4][5]. The idea of semi-blind channel estimation is a good compromise
both in performance and frequency usage, which is very helpful in modern wireless

communication systems.

* We have assumed perfect timing and ideal signal shaping in this thesis. However, in
practice, we have to take those issues into consideration. Therefore, timing synchro-

nization and pulse shaping methods could play important roles in my future work.

» As a frequency synchronization scheme, DS estimation is very important in signal
recovery and many other tasks in receivers, especially in mobile communications.

Thus. more work on such implementations is needed.
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+ A simplified model for MIMO-OFDM systems has been used in the thesis. More
MIMO-OFDM related techniques such as space-time coding [3][26] and solutions to

PAPR problem shall be integrated into the system model.
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