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Abstract

In this master thesis, I discuss the problem of channel estimation for Long
Term Evolution (LTE). LTE uses coherent detection, that requires channel
state information. LTE provides training data for channel estimation. To
assess the performance of different channel estimators, I utilize the LTE link
level simulator developed at the Institute of Communications and Radio-
Frequency Engineering (INTHFT), Vienna University of Technology. The
channel estimators are compared in terms of throughput of the complete
system for slowly and rapidly changing channels. The Least Squares (LS)
channel estimator with linear interpolation is loosing 2dB, and the Linear
Minimum Mean Square Error (LMMSE) channel estimator 0.5dB with re-
spect to the system with perfect channel knowledge. In order to reduce the
complexity, while preserving the performance of the LMMSE channel esti-
mator, Approximate Linear Minimum Mean Square Error (ALMMSE) chan-
nel estimators are also investigated. I present implementations of such an
approximate channel estimator for slowly changing channels and for rapidly
changing channels. The ALMMSE estimator for block fading uses the correla-
tion between the L closest subcarriers. In the fast fading case, the ALMMSE
estimator utilizes the structure of the channel autocorrelation matrix. Fur-
thermore, this thesis shows some simulations, from which the block fading
assumption can be proofed valid for velocities up to approximately 20 km /h.
At higher velocities, the subcarriers are not perfectly orthogonal to each
other. Thus, Inter Carrier Interference (ICI) occurs. At higher velocities,
the Signal to Interference and Noise Ratio (SINR) should be considered in-
stead of Signal to Noise Ratio (SNR).

i



Contents

1 Introduction

2 LTE Downlink: Physical Layer
21 Overview . . . . . ...
2.2 Structure of Pilot Symbols . . . . .. . ... o0

2.3 System Model . . . . . . ...

3 Channel Estimation for Block Fading

3.1 Least Squares Channel Estimation . . . . .. ... .. ...
3.2 Linear Minimum Mean Square Error Channel Estimation . . .
3.2.1 LMMSE Channel Estimation for
Spatially Uncorrelated Channels . . . . . . . . .. ..
3.2.2 LMMSE Channel Estimation for
Spatially Correlated Channels . . . . . . . .. .. ..
3.3 Approximate LMMSE Channel Estimation . . . . . ... ..
3.4 Simulation Results . . . . .. ... .. ... ... ......

4 Channel Estimation for Fast Fading
4.1 Least Square Channel Estimation . . . . .. . ... ... ..
4.2 Linear Minimum Mean Square Error Channel Estimation . . .
4.3 Approximate LMMSE Channel Estimation . . . . . .. ...
4.4 Simulation Results . . . . .. .. .. ... ... ... ....

3.4.1 Comparison of Interpolation Techniques . . . . . ..
3.4.2 LMMSE Channel Estimation . . .. ... ... ...
3.4.3 ALMMSE Channel Estimation . . . ... ... ...

4.4.1 Comparison of Fast Fading Channel Estimation . . . .
4.4.2 Block Fading Channel Estimation . . . . .. . .. ..
4.4.3 ALMMSE Channel Estimation . . ... ... .. ..

5 Conclusions and Further Work

A Acronyms

Bibliography

il

11
12
15

16

17
18
21
22
24
28

34
34
35
37
40
41
43
48

50
52

53



List of Figures

2.1
2.2
2.3

3.1
3.2

3.3
3.4
3.5
3.6
3.7

3.8
3.9
3.10
3.11
3.12
3.13

3.14
3.15

3.16

3.17
3.18

4.1

Signal structure . . . . . ... ..o 4
Pilot symbols structure . . . . . . ... ..o 6
System Model . . . . . . . . ... 7
Example of linear interpolation . . . . . ... ... ... ... 14
Comparison of interpolation techniques for one channel real-

ization . . . . .. 16
Principle of the ALMMSE estimator . . . ... .. ... ... 19
MSE for different interpolation techniques . . . . . . .. ... 22
Throughput for different interpolation techniques . . . . . .. 23
MSE for the linear interpolation over subcarrierindex and SNR 24

MSE for the sinc interpolation in the frequency domain over
subcarrierindex and SNR . . . . . . . . .. .. ... ... .. 25
MSE for the LMMSE estimator versus the LS estimator . . . . 26
Throughput for the LMMSE estimator versus the LS estimator 26
MSE for the LMMSE estimator with estimated autocorrela-

tion matrix . . . . ... 28
Throughput for the LMMSE estimator with estimated auto-
correlation matrix . . . . . . . ... 29
MSE for the LMMSE estimator with estimated autocorrela-
tion matrix over M . . . . . ... 30
Throughput for the LMMSE estimator with estimated auto-
correlation matrix over M . . . . . .. ... 30

MSE for the LMMSE estimator for spatially correlated channels 31
Throughput for the LMMSE estimator for spatially correlated

channels . . . . . . ... 31
MSE for the ALMMSE estimator with different L . . . . . . . 32
Throughput for the ALMMSE estimator with different L. . . . 32
SNR loss of the ALMMSE estimator to the LMMSE estimator

over L . . . .. 33
Example of a fast fading channel . . . . ... ... ... ... 41

v



4.2
4.3
4.4
4.5

MSE for different fast fading estimators . . . . . . .. . .. .. 42
Throughput for different fast fading estimators . . . . . . . . . 43
MSE for the LMMSE estimator using wrong temporal statistics 44
Throughput for the LMMSE estimator using wrong temporal

statistics . . . . . ..o 44

4.6 MSE for block fading estimator applied on fast fading scenario 45
4.7  Throughput for block fading estimator applied on fast fading
SCENATIO . . . . . . . e e e e e e 46
4.8 Inter carrier interference power . . . . . .. ... ... ... 47
4.9 SNR/SINR mapping for a moving UE. . . . . . .. ... ... 47
4.10 MSE for the ALMMSE estimator . . . ... .. ... ..... 48
4.11 Throughput for the ALMMSE estimator . . . ... ... ... 49



List of Tables

3.1 Simulator settings for block fading simulations . . . . . . . ..
3.2 SNR loss of different Interpolation techniques to the system

with perfect channel knowledge . . . . . ..

4.1 Simulator settings for fast fading simulations

vi



Chapter 1

Introduction

Approximately every ten years, there is a new standard for mobile commu-
nication. Analog mobile phone systems were introduced in 1981, the Global
System for Mobile communications (GSM) in 1991, Wideband Code Divi-
sion Multiple Access (W-CDMA) in 2001, and Long Term Evolution (LTE)
will be most likely commercially launched in 2010 [1]. The analog system
enabled people to carry their own cell phones and make phone calls on the
move. GSM brought more security and some new services like Short Message
Service (SMS), Wireless Application Protocol (WAP), etc. This was a time
of great changes in society, as well as a time of rapid increase of cell phone
users. Suddenly, a business could be done on the move. Everything got
faster. The youth started to interact via SMS. People got closer, at least in
some sense. The W-CDMA standard increased the connection speed which
allowed to make video calls, browse the internet from anywhere, and other
mobile applications. However, this influence was not so tremendous as ten
years before. In contrast to the prediction, the people did not use video call-
ing. Maybe some of them did not even realize, that their cell phones worked
on a different basis. Not just the technical perfection of a standard, but also
the offered services make a standard successful.

Today, the market of cell phones is shrinking [2], and a new global stan-
dard is on the horizon. Still, two open question are remaining. First, how
to use the wireless ”broadband”? High speed connection without proper ser-
vices is useless. Will LTE bring new changes to the society, or is telephony,
SMS and internet browsing everything, that the mobile communication can
offer us? Secondly, what will happen in the next ten, twenty years? Are we
just going to increase the connection speed, or will we be able to offer society
something new, something, what will move us in the right direction?
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In my master thesis, I concentrate on the close future. I investigate chan-
nel estimation for LTE, necessary for coherent detection, which will be used
by every LTE device. Thus, it is important to analyse this topic. The es-
timators are compared by means of the throughput, that allows to observe
influence of an estimator on the complete system. Although the Mean Square
Error (MSE) shows directly the performance of an estimator, it is not clear if
the decrease of MSE, will also increase the throughput. I discuss channel esti-
mators for rapidly changing channels, where the subcarriers are not perfectly
orthogonal to each other. I present two approximations of the Linear Min-
imum Mean Square Error (LMMSE) channel estimator, which are relevant
for real-time applications due to their performance and their low complexity.

The thesis is organized as follows: In Chapter 2, I present the important
facts about LTE from a channel estimation point of view. I also introduce a
mathematical system model. In Chapter 3, I discuss channel estimation for
slowly changing channels. This analysis is extended in Chapter 4 to rapidly
changing channels. Finally, in Chapter 5, I summarize my thesis.



Chapter 2

LTE Downlink: Physical Layer

LTE is a project within 3rd Generation Partnership Project (3GPP), which
will be introduced in Release 8. More details on LTE can be found in [3]. In
the following chapter, I will present LTE characteristics, which are relevant
from a channel estimation point of view. Furthermore, I will present the
system model, which is used in this work.

2.1 Overview

The LTE downlink is based on Orthogonal Frequency Division Multiplexing
(OFDM), which is an attractive downlink transmission scheme due to its ro-
bustness against frequency selective channels. LTE supports the use of mul-
tiple transmit and receive antennas, and uses different modulation alphabets
and channel codes according to the signalized channel quality. Furthermore,
the time-frequency resources are dynamically shared between users. Adaptive
modulation and coding, support of Multiple Input Multiple Output (MIMO)
and Hybrid Automated Repeat Request (H-ARQ) are the prime keystones
of the LTE downlink.

At the highest level, the LTE signal in the time domain consists of frames
of duration Tgame = 10ms, which themselves consists of ten equally long
subframes with Tgupgrame = 1 ms. Each subframe comprises two equally long
slots of duration Tgo = 0.5ms. Each slot consists of a number of OFDM
symbols (six or seven) with cyclic prefix. LTE defines two different cyclic
prefix length, normal and extended. In Figure 2.1, the signal structure for
normal cyclic prefix length is depicted. According to the used bandwidth,
each OFDM symbol consists of a number of subcarriers. Subcarriers are
grouped into resource blocks, where each resource block consists of 12 adja-
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cent subcarriers, with 15kHz spacing between two consecutive subcarriers.
LTE allows to use any number of resource blocks from 6 up to 100, which
corresponds to bandwidth from 1.4 MHz up to 20 MHz.

| | | signal

| | | | | | | | | one frame

:E one Sllbframe

I I I I I | one slot

I | one OFDM symbol 4+ CP

Figure 2.1: Signal structure

2.2 Structure of Pilot Symbols

To enable coherent demodulation, channel estimation is required. A simple
way to enable channel estimation in an OFDM system is to insert known
pilot symbols into the time-frequency grid of the transmit signal. The posi-
tion of the pilot symbols depends on the number of transmit antenna ports
[3]. Whenever, there is a pilot symbol located within the time-frequency
grid at one transmit antenna port, the symbols at same position at the re-
maining transmit antenna ports are 0. Figure 2.2 depicts structure of the
pilot symbols for 4 transmit antenna ports. The colored squares correspond
to the pilot symbols at a particular antenna port and crosses corresponds
to positions within time-frequency grid, which are 0. Within each resource
block at 1st and 2nd transmit antenna port, there are 4 pilot symbols, and
at the 3rd and 4th transmit antenna port just 2. It is obvious, that with
increasing number of antennas, the number of pilot symbols and symbols,
which are 0, is increasing. This fact results in decreasing spectral efficiency
with increasing number of transmit antenna ports (e.g. in case of 4 transmit
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antenna ports, 14.3% of all symbols is used just for channel estimation). At
the 3rd and 4th transmit antenna ports, less pilot symbols than at the 1st
and 2nd transmit antenna ports are located. Therefore, in general the qual-
ity of the channel estimates from 3rd and 4th transmit antenna ports will
be poorer, than the quality of channel estimate from 1st and 2nd transmit
antenna port. Consequently, the use of 4 transmit antenna ports should be
restricted to scenarios, in which the channel is not changing rapidly [4].

The complex value of the pilot symbols will vary between different pilot
symbol positions and also between different cells. Thus, the reference signal
can be seen as two dimensional cell identifier sequence. In [3], 510 different
cell identities (170 cell identity groups and 3 specific cell identity within one
cell identity group) are defined. Thus, the complex value of pilot symbols is
cell dependent. The frequency domain position of the pilot symbols may vary
between consecutive subframes. The relative position of the pilot symbols
is always the same, as depicted in Figure 2.2. The frequency hopping can
be described as adding frequency offset to the basis pilot symbols position
structure. There are 170 hopping pattern defined, where each corresponds
to one cell identity group.

2.3 System Model

The relevant components of the considered system are depicted in Figure 2.3.
In the following mathematical description just one subframe is considered and
for sake of simplicity the subframe index will be omitted. At the transmitter,
the data bits of one subframe are generated (in the complete system these
data bits are scrambled and encoded, but from channel estimation point of
view this is of minor importance). Before serial-to-parallel conversion, the
symbols are modulated according to [3] and pilot symbols are inserted. After
Inverse Fast Fourier Transform (IFFT) and parallel-to-serial conversion, the
cyclic prefix is inserted and the transmit signal is generated by a Digital-to-
analog converter. At the receiver, the cyclic prefix is removed. Using Fast
Fourier Transform (FFT), the signal is converted into the frequency domain.
Using the channel estimation and equalization, the data estimates are ob-
tained.

The following system model is based on [5]. Let xg)m be a length Ny
column vector comprising all modulated data symbols of one subframe in
the frequency domain (indicated by (f)) at the transmit antenna port ng

(ng = 1---N;). Furthermore, let xg)m be a length N, column vector com-
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Antenna port 1
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RN RN
e
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Antenna port 4

S
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Figure 2.2: Pilot symbols structure
prising all pilot symbols. Let vector X,, be the concatenation of vector xg%t
and vector xg)m
=0 _ [0 T 01"
x%t) = [Xé)nt X } : (2.1)

After permuting the vector igt) with a permutation matrix P that fulfills
PTP = PP =1, a column vector x\*) of length N, + Ny is obtained
x) = pxlh). (2.2)

The vector th) consists of Ny OFDM symbols

T T
b [XS&O th),er } . (2.3)

xB) =
Tt
The ne-th OFDM symbol is represented by the vector th),ns of length Ky,

T
xD = [x(f) oW Ksubfl] (2.4)

Nt ,Ns ng,ns,0 nt,Ns,
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Data Data

Pilot Channel
Insertion Estimation

Figure 2.3: System Model

in which the elements xfft )ms, . correspond to the symbols at the ng-th transmit

antenna port within the ng-th OFDM symbol on the k-th subcarrier. The
transmit signal of the ng-th OFDM symbol in the time domain, indicated by
(t), can be written as

x® = Fep DI

Tt ,Ms Krrr

Fguard X(f) (25)

Mt,Ts

where Fg,rq indicates an Kppp X Kqyp, matrix adding (Kppr— Ksup) zero sym-
bols on guard subcarriers. The matrix Dg,,., the Discrete Fourier Transform
(DFT) matrix and Fep is a matrix, which adds cyclic prefix to the OFDM
symbol in the time domain. The matrix Fgyapq is defined as

Ig
Fyuard = st 2.6
¢ ¢ ( O(KFFTstub)XKsub ) ( )

with I, being the z x z identity matrix, and 0 denotes a zero matrix of
a given dimension. Furthermore, Dk, ., is the DFT matrix of dimension

a2
Kgpr X Kppr with elements %e TReer """ (4, and i, are the row and column
indices, respectively). Fep is an (Kppr + P) X Kppr matrix adding a cyclic

prefix of length P to a vector of length Kppr, which is defined as

Fep = ( 0px (Kepr—P) Ip ) ) (2.7)

IKFFT

At the receiver, after Analog/Digital (A/D) conversion, the receive signal
of the nge-th OFDM symbol in the time domain at receive antenna port n, is
obtained as

Nt
ygr),ns - Z Hv(ltt),nr,nsxgt),ns + W7(’Ltr),ns (28)

ntzl
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where y,(fr),ns is the ng-th received OFDM symbol in the time domain of length

Kgpr + P, Hgft),nhns is the channel matrix between the ni-th transmit and
n.-th receive antenna port and Wﬁfr),ns is the noise vector, which elements are
considered to be white Gaussian zero mean random variables with variance
02 . The channel matrix Hg?mr,ns is a toeplitz matrix of dimension (Kppr +
P) x (Kppr + P) with the following structure. Here, I assume that the
channel impulse response has at most NV, taps and for sake of simplicity, I

also omitted the antenna port indices.

Y 0 . . 0
(t
HO = | Mem (2.9)
0
: .. .. . 0
t t
o0 o0 Ry Y

where hns,nh is a tap of the channel impulse response with delay n;, of the
ns-th OFDM symbol. Here, I assumed that the channel impulse response is
constant over duration of a OFDM symbol. If this assumption is violated,
Inter Carrier Interference (ICI) will occur. If the channel is time variant, the

columns of the matrix HSS) are time dependent, which is trivial extension to
Equation (2.9).

At the receiver, the cyclic prefix is removed, FFT is performed, and at last
the guard symbols are removed

ygr),ng - Fguard,rem DKFFT FCP,rem yffr),ns (210)

where Fcp rem performs the cyclic prefix removal and is of dimension Kgpr X
(Kppr + P) with the following structure

Fepyem = ( Okpprxp Ikppr ) - (2.11)

Fouardrem 15 an Kgp X Kppr matrix, which removes the guard subcarriers.
The matrix Fguard rem is defined as

Fguard,rem = ( IKsub OKsubX(KFFT*Ksub) ) . (212)

After removing the cyclic prefix, performing the FFT and removal of the
guard band, Equation (2.8) can be equivalently rewritten as

v, ZASBM,”S O +wh (2.13)

’I’Ltl
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where yr(lr)ns is the ng-th received OFDM symbol in the frequency domain,

and A e 18 an Ky X Kgy, channel matrix between the ng-th and n,-th
antenna port, which is obtained as

Agbft),nr,ns = Fguard,rem DKFFT FCP,rem Hgt)nr e FCP D%FFT Fguard' (214)
If the channel is not changing over the duration of one subframe, the matrix

Aﬁft . n is diagonal. The vector w,(fr)ms is the noise in the frequency domain.

Let hnt,nr,ns denote a length K, vector comprising diagonal elements of the

matrix Aglnhns and hﬁf},nr the concatenation of Ny channel vectors hﬁf},nr,n

T

. n¢

71T
h® = [n® m,nr,Ns_l] . (2.15)

nt 7”!’ nt ,nr 70

By permutation of hnt n analog to Equation (2.1), the same structure of the
channel vector can be obtained
B( ) — PTh(f) — [h(f) Th(f) T]T. (216)

Ng,Nr T, M Pynt,nr d,ng,nr

Let vector ynr be a connection of Ny received OFDM symbols from the n,-th
receiver antenna port

f f T
v =y oy ] (2.17)

As before, Sfffr) is the permuted version of yS}, so that the vector Sf,(fr) can be

splitted in the pilot vector and the data vector
T (y T T
vy =PTyl) = [yfof,)m i, ] : (2.18)

Using this notation, Equation (2.10) can be expressed in two equivalent forms

Nt
y) = Z hnt e OxP +wd (2.19)
ng=1
g = Zhn n O 4+ PTwd (2.20)
ny= 1

where ® denotes element wise multiplication of two vectors. From channel
estimation point of view the symbol on pilot positions are of most interest.
Equation (2.20) on the pilot positions reduces to

yO —h® . oxO, +wl,. (2.21)

Pt
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The sum in Equation (2.20) disappears because of the following reason.
Whenever a pilot is located at the n¢-th transmit antenna port within the
ns-th OFDM symbol on the k-th subcarrier, symbols, at the remaining trans-
mit antenna ports zeros are transmitted on the same positions (for more
details see Section 2.2).



Chapter 3

Channel Estimation for
Block Fading

In the following chapter, I will discuss channel estimation assuming block
fading, that is, the coherence time of the channel is long enough that the
channel impulse response is approximately constant over the duration of
one subframe. According to [3] the duration of one subrame is 1ms. The
coherence time of a channel is in [6] defined as

1
T. = — 3.1
1D. (3.1)
with Dg being the Doppler spread, that is, the largest difference between the
Doppler shifts

Dy :Inax‘fsI _ij‘ (32)
]

where f;, is the Doppler shift of the i-th path. Doppler shift is defined as
frequency shift due the relative motion between observation point and fader

with v being the relative velocity and cg the speed of light. Assuming Jakes
model, where Dy = 2f; nax, using a realistic carrier frequency (for example
fe = 2.11GHz), the maximum relative velocity between the receiver and
faders has to be smaller than v = 17.7m/s (I will further investigate this
theoretical statement in Chapter 4. )

If the block fading assumption is fulfilled, then the channel will be con-
stant over the duration of one subframe. The elements hﬁfﬁ,nr,ns of hﬁft),nr from
Equation (2.15) are independent of ng. Therefore, the output of the block

fading estimator will be the estimated channel vector

hnt,nr,ns = [hnt,nr,ns,ﬂ T hnt7nr7nS7Ksub_1]T (3-4)

11
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with the elements flmnnk corresponding to the channel estimate for the k-th
subcarrier between the n-th and n,-th antenna port. Although the estimate
is independent of ng, I won’t omit the corresponding index ng, because it
might cause confusion with the vector h,,, , , which length is N times larger
than the length of h,, ,, .. From this point on, all quantities are considered
in the frequency domain, therefore I will omit the index (f).

3.1 Least Squares Channel Estimation

Whenever there is a pilot on the k-th subcarrier within the nge-th OFDM
symbol on the n¢-th transmit antenna port, the symbols on the same sub-
carrier within the same OFDM symbol on the remaining transmit antenna
ports are 0. This reduces the spectral efficiency, however such a scheme also
preserves the orthogonality between the pilot symbols at different transmit
antenna ports allowing to estimate a MIMO channel as Ny N, independent
Single Input Single Output (SISO) channels. (In Section 3.2.2 I will discuss
an approach, which estimates a MIMO channel using spatial correlation be-
tween channels.) To estimate the channel coefficient on the pilot positions,
the first obvious approach is to divide the received symbol on the desired
position by the corresponding pilot symbol

iLLS,pvnt,nr = o _ P ne + Zom (3.5)
Lp,ny Lp,ny
where subscript p indicates symbol on the pilot positions. This approach
corresponds to the Least Squares (LS) channel estimate from [7]. Due to
the LTE system design and using Equation (3.5) it is possible to calculate
just the channel estimates on the pilot positions, the channel estimate on the
remaining positions has to be obtained by interpolation.

At the 1st and the 2nd transmit antenna port within an LTE subframe there
are two pilot symbols on every 3rd subcarrier. If the assumption of block fad-
ing is fulfilled, then both pilot symbols are transferred over the same channel,
that is, the hy,, », for both pilot symbols are exactly the same. The noise
term in Equation (3.5) is zero mean, therefore averaging over two channel
coefficient estimates will improve the estimate (thereby reducing the noise
term of the estimate).

- 11y Y 11z z
P1,Nr p2,Nr P1,nr p2,nr
hLS,nt,nr,ns,kP - 5 + = hnt,nr,ns,kp + 5 + (36)
Tpine  Lpamg Lpine  Lpomng

where iLLS,m,nr,ns,kp is the LS estimate of the channel coefficient between the
n¢-th and n,-th antenna port on the k,-th subcarrier (lower index p refers to
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subcarriers, on which the pilot symbols are located) and p; and p, are the
pilot positions on the same k-th subcarrier (they are located within different
OFDM symbols).

Interpolation

Pilot symbols insertion and the LS estimation of the channel on the pilot po-
sitions corresponds to the sampling of the channel. To obtain the remaining
channel coefficients, interpolation has to be used.

Linear Interpolation

Linear interpolation is the easiest way to estimate the channel coefficients
on the data positions. Two adjacent channel estimates are connected by the
help of a linear function. This linear function is sampled at the missing data
positions.

A~ ~

- 2 hntynr7n57kp2 - hnmnrvns,kpl

hm,nr,ns,kd = hm,nr,ns,kpl + (kd - kp1> L — k (37)

b2 P1

where k,, and kp,, are the indices of adjacent subcarriers on which the pilot
symbols are located and k4 is the index of the subcarriers, on which just
the data symbols are located, with k, < kq < kp,. To estimate channel
coefficients, which are not located between two pilot symbols, that is, the
edge channel coefficients, one can use linear extrapolation. Figure 3.1 shows
the linear interpolation approach an a channel realization. First, the LS
channel estimates are calculated and then adjacent LS channel estimates are
connected by a linear function. In Figure 3.1 it seems as if the LS points
were not connected by linear function. The reason for this appearance is
that the absolute value of the estimated channel is plotted. If the real or
imaginary part of the channel estimate is plotted, the connection between
the LS estimates would be linear.

Cubic Interpolation

The approach in cubic interpolation is similar to the one of the linear in-
terpolation, but instead of using linear function to connect adjacent pilot
positions, functions up to the 3rd order are used. The complexity of cubic
interpolation is higher than the complexity of linear interpolation.
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4 I I I
o LS estiamte
linear

[*

0 10 20 30 40 50 60 70
subcarrier index

Figure 3.1: Example of linear interpolation

Spline Interpolation

Spline interpolation uses a low degree polynomial to connect the LS esti-
mates, whereby the continuity is preserved [8].

Time-Frequency Interpolation

The Time-Frequency (T-F) interpolation uses IFFT/FFT and zero padding.
All estimates of the channel flLs’m’m,kP are inserted into a length Kg,;,/3 vector
iLLS,nt’nr. Then the IFFT of the vector lAst,m,nr is performed, to convert the
LS channel estimate vector from the frequency to the time domain. After
the IFFT, a zero vector of length %Ksub is added. The zero padded vector is
a Kgup length vector. Then the FFT is performed to convert the zero padded
vector to the frequency domain. More details on this interpolation technique
can be found in [9].

Sinc Interpolation in the frequency domain

This approach is well known from common signal sampling. Every channel
sample (the LS estimate on the subcarriers on which the pilot symbols are
located) is multiplied by the sinc function, which has zeros values at the
remaining LS estimates the subcarriers on which the pilot symbols are lo-
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cated, that is, the sinc function has non zero values on the subcarriers on
which just data symbols are located. With the sinc interpolation technique
is it possible to recover the original signal perfectly, if two assumption are
fulfilled, the Nyquist-Shannon sampling theorem and the signal has to be of
infinity length. In practice however, is the length of the signal finite and one
can observe edge effect, that is, the channel estimate at the edge shows larger
error than elsewhere.

Sinc Interpolation in the time domain

The previous technique corresponds to the convolution of the sinc function
with the LS estimate in the frequency domain. From signal theory it is
known, that the convolution in the frequency domain is equivalent to the
multiplication in the time domain. The sinc function in the frequency do-
main corresponds to a rect function in the time domain. With knowledge of
those two facts it is possible to perform the interpolation in the time domain,
equivalent to the sinc interpolation in the frequency domain. First, the FFT
of the LS estimate has to be performed, then the LS estimate in the time
domain will be multiplied with the rect function and transformed back to
the frequency domain using the FFT.

In Figure 3.2 different interpolation methods are plotted for one channel
realization at Signal to Noise Ratio (SNR) = 100dB. Three facts can be
observed:

e Both sinc interpolation techniques are strongly oscillating.

e Especially at low and high subcarrier indices almost all interpolation
methods result in different values.

e All interpolation methods except sinc in frequency and time result in
similar channel estimates.

All three points will be further investigated in Section 3.4.1.

3.2 Linear Minimum Mean Square Error
Channel Estimation

The LMMSE channel estimator provides channel coefficients that minimize
the mean squared error

e:E{Hh—ALMMSEﬁLSHz}. (3.8)



CHAPTER 3. CHANNEL ESTIMATION FOR BLOCK FADING 16

S

3.5F

2
S=
=

-7

D (75_/)“(/‘]

1.5} A
\ o 1L.S

inear

(\»/ cubic

e spline

0.5} sinc freq (]

sinc time

/ ;\ /»«q’/”\

0 10 20 30 40 50 G0 70
subcarrier index

Figure 3.2: Comparison of interpolation techniques for one channel realiza-
tion

The LMMSE channel estimation can be obtained as filtering of the LS esti-
mate by a matrix Apyusg [7]

hryvuse = Arasehis (3.9)
with )
ALMMSE = Rh,hLS (R‘th + O'?UI) (310)
where Ry n, ¢ 1s a crosscorrelation matrix
Rins = E{hhfg (3.11)
and Ry, ¢ is a autocorrelation matrix
Ris = E {hishig}. (3.12)

3.2.1 LMMSE Channel Estimation for
Spatially Uncorrelated Channels

In the following subsection, I will specialize the LMMSE channel estimator
for spatial uncorrelated MIMO channels, which basically consists of NN,
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uncorrelated SISO channels. In a real scenario there is almost always spatial
correlation between antennas, but if the use of the spatial correlation between
the antenna ports is omitted, the computational complexity is reduced. To
simplify notation, let IAILSM,nr,nS be the vector of the LS estimate between the
ne-th and n,-th antenna on subcarriers with pilot symbol. The length of this

vector is Kgyp/3 and ﬁLMMSE,nmr,nS is the vector of the permuted LMMSE
channel estimate for all subcarriers with length Kg,,. Equation (3.9) and
Equation (3.10) can be written as

~

l‘:lLMMSE,nt,nr,ns = lALMMSEflLS,nt,nr,nS (313)
and
Apvvse =R, no o (Rugg,, + o (3.14)
where _
Rflns,hLS,ns = E {hnt’n“ns hES,nt,nr,ns} (315)
and
RhLS,ns = E {hLS7nt7nr7nS hII:IS;nt,nr,ns} N (316)

The R; and Ry are tall crosscorrelation and square autocorre-
. haghis g LSms . . .
lation matrices, respectively. To obtain the channel estimate in the correct

order, the flLMMSE,m,nr,ns has to be multiplied with a K, X K., permutation
matrix P

hrvivSE ne nene = P REMMSE ne e me (3.17)

3.2.2 LMMSE Channel Estimation for
Spatially Correlated Channels

If it is possible to estimate spatial correlation between antennas, this know-
ledge can be used to estimate the channel vector more precise. First, the
LS estimate for every SISO channel has to be calculated which will be or-

dered into the vector hgéﬂiz Let b be a vector, which is a permuted

version of the vector h,(fu D such, that at the beginning of the vector channel

coefficients corresponding to the pilot positions of all transmit antennas are
located and followed by the remaining channel coefficients (length of this vec-
tor is Kgu, Ny V;). The vector hﬁfs“ D" consists of the channel vectors between
all transmit and receive antenna ports.

hv(zfsuu) = [hoT,o,ns o 'h%t—l,Nr—l,nJT : (3-18)
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Let Ry™) be the autocorrelation matrix of the vector hﬁf;‘“), which has

following structure, if the Kronecker model is considered [10]
R™) = Ry ® Rg ® Ry, (3.19)

where Rt is the spatial autocorrelation matrix between the transmit anten-
nas, Ry is the spatial autocorrelation matrix between the receive antennas
and Ry, is the channel autocorrelation matrix. In the following step, the
matrix Rff““) has to be permuted, so that the following expression is valid

Rgun) _ PRMIPT — [ {ﬁ(full)ﬁ(full)H} ' (3.20)

To calculate the channel estimate, Equation (3.9) can be used with the fol-
lowing formal changes

2 (full) .
A (full) (full)

hLMMSE,nS = ALMMSEhLS,nS (3.21)

with
(full) 91
A vvisE = Rﬁﬁfs““),hf;llifs (Rhif;“ifs +o;I) (3.22)
where the matrices Rﬁuuu) (D) and Rh(full) are obtained as
ns LS ng LS,ng

. _ (full))
Rhgf“)ﬂhfé'}lfs (Rhns . (3.23)
_ (~fu11)>
R, (Rhns - (3.24)

where K4 is the number of the subcarriers on which just data symbols are
located, and K, is the number of subcarriers, on which pilot symbols are
located. The expression (-),, y indicates a submatrix , which is given by the
first M rows and the first N columns of the matrix.

3.3 Approximate LMMSE Channel Estima-
tion

The performance of the LMMSE estimator is in general superb (see Sec-
tion 3.4.2), but of high computational complexity because of the matrix in-
version in Equation (3.10). In a real-time implementation, a reduction of
complexity is desired while preserving the performance of the LMMSE esti-
mator. In the following section, I will discuss a low complexity estimator pre-
sented in [11], where the authors applied this estimator for Worldwide Inter-
operability for Microwave Access (WiMAX). The main difference between
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LTE and WiMAX from channel estimation point of view is that LTE uses pi-
lot symbols for the channel estimation and WiMAX a preamble [3], [12]. Con-
sequently, the Approximate Linear Minimum Mean Square Error (ALMMSE)
presented in [11] has to be adopted for the LTE system.

The two main ideas of the ALMMSE estimator from [11] are:

1. To the calculate the LMMSE filtering matrix by suing only the cor-
relation between the L nearest subcarriers instead of using the full
correlation between all subcarriers. In case of the LMMSE estimator
the correlation with all subcarriers is used. Figure 3.3 depicts the full
autocorrelation matrix of dimension K. X Kb and its submatrices
of dimension L x L, which are used by the ALMMSE estimator.

2. To average over all L x L matrices to get just one matrix, that approx-
imates the correlation to the L nearest subcarriers.

sub

v

Figure 3.3: Principle of the ALMMSE estimator

Let f{g) be the L x L matrix, that approximates the correlation between the
L nearest subcarriers

LKSUbjfl

A L)

qu ~ [ K Z (R‘h)mL—l—l:(m+1)L,mL+1:(m+1)L (3.25)
m=0
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where (-)pr.n .y denote a submatrix given by the M-th to N-th row and
the M-th to N-th column.

The ALMMSE algorithm for LTE consists of the following steps:

1.

Choose L. The dimension of f{%) is L x L. L is bounded by 3 < L <
Ko If L = Kg, is chosen, the ALMMSE estimator is equal to the
LMMSE estimator.

Choose the interval of L consecutive subcarrier indices according to the
following rule (k is the subcarrier index of the channel coefficient to be
estimated):

Interval = [k - L%J K+ (%ﬂ : otherwise (3.26)
[Ksub —L+1, Ksub] k> Ko, — %

Let h® be the channel vector for the subcarriers from the chosen
interval.

Find the KI()L) = L%J subcarriers on which the pilot symbols are located

within the chosen interval. Let hI()L) be the vector of channel coefficients
on the pilot symbol positions.

. Create a permutation matrix P of dimension L x L with

B = [ 0] = PR (3.27)

where héL) is the channel vector on the data positions within the chosen
interval.

Permute l:A{ElL) with P
2 _ prR®)
R, =P R,"P. (3.28)

x (L) = (L) x (L)

Extract R,, . and Rh,th from f{hn as

= (L) = (L)
KéL)»KéL)

= (L) = (L)
RhnthS,n - Rhn . K(L) . (330)

LS
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7. Calculate the filtering matrix F()
- C I SO S
F = RhthS RhLS + JwI . (33].)

8. Obtain an estimate of the channel coefficients by multiplying (filtering)
the LS estimate on the pilot positions from the chosen interval has to be
multiplied (filter) by F(®) and permuting (multiplying by PT). Finally
the k-th element has to selected

q=PTFOnY (3.32)
. [al, k< %
haLmmse x = [Cl][%1 ; otherwise (3.33)

Al ir-ry K2 Kaw— st

[q], means, that the k-th element of vector q will be selected.

3.4 Simulation Results

All result are obtained with the LTE Link Level Simulator, developed at the
Institute of Communications and Radio-Frequency Engineering (INTHFT),
Vienna University of Technology [13]. The simulator is implemented accord-
ing to [3] in the complex base band. In most cases, I will present a figure
of MSE over SNR, which depicts the performance of the estimator and a
figure of throughput over SNR, which depicts the influence of the estimator
on the performance of the complete system. Table 3.1 presets the most im-
portant simulator settings. Those are used for all simulations unless stated
differently.

Parameter Value
Bandwidth 1.4 MHz
Number of transmit antennas 4
Number of receive antennas 2
Transmission mode Open-loop spatial multiplexing
Channel type ITU PedB [14]
CcQI 9

Table 3.1: Simulator settings for block fading simulations
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3.4.1 Comparison of Interpolation Techniques

In Figure 3.4 the MSE curves for different interpolation techniques are de-
picted. The linear interpolator shows the best performance in terms of small-
est MSE. This fact is shown also in terms of largest throughput, which is
depicted in Figure 3.4. The linear interpolation also has the best performance
in terms of throughput among other interpolation techniques and it is also
the least complex interpolator from the presented estimators. In Figure 3.5,
a saturation behavior of sinc interpolators and of the T-F interpolator can
be seen, so the use of them should be limited. Performance of the cubic
interpolator is poorer than performance of other interpolators, especially at
low SNR values. Therefore, its use should be limited. Pilot symbols are
located relative dense on the subcarriers, on every 3rd subcarrier there is at
least one pilot symbol, and the adjacent subcarriers are strongly correlated,
thus the linear interpolator outperform other interpolators. In Table 3.2 the
SNR loss of the individual interpolators is shown. The SNR loss is defined
as the difference between the throughput of the considered curves at 90 % of
the achievable throughput for the given scenario. There is a gap between the
linear interpolator and remaining interpolators.

101 T It
= LS linear
LS cubic
= LS spline
10° — LS T-F
—— LS sinc time
= LS sinc freq
10t
<a)
A
=
102k
103
-4 L l l I I I
1075 5 5 19 15 30 35 30
SNR [dB]

Figure 3.4: MSE for different interpolation techniques
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Figure 3.5: Throughput for different interpolation techniques

Edge effects

Figure 3.2 shows, that the presented interpolation techniques differ mainly
in the estimation at the edge of the frequency band. Therefore, I will in-
vestigate the performance of the interpolators over subcarrier index. I will
present performance of the sinc interpolator, to investigate how significant is
the channel estimate error at edge subcarriers. And performance of the linear
interpolator, as comparison to the performance of the sinc interpolator. In
Figure 3.6 is plotted the MSE over SNR and over subcarrier index for the
linear interpolation. It can be seen, that the MSE for high SNR values is
close to zero for all subcarriers. For low SNR, an edge effect can be observed,
where the MSE is excessively increased. If the linear interpolator is used at
low SNR values, one should be aware of this effect.

In Figure 3.7 the MSE over SNR and over subcarrier index is plotted for
the sinc interpolation in the frequency domain. At low subcarrier indices,
the MSE is larger than at other subcarrier indices. Therefore, the use of sinc
interpolation should be always carefully considered. It is surprising, that the
the edge effect at low SNR values is more vivid for the linear interpolation
than for the sinc interpolation.
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Interpolator SNR loss [dB]

linear 1.7
cubic 2.8
spline 2.5

T-F 24

sinc in the frequency domain 2.6
sinc in the time domain 2.6

Table 3.2: SNR loss of different Interpolation techniques to the system with
perfect channel knowledge

50

60

subcarrier index SNR [dB]

Figure 3.6: MSE for the linear interpolation over subcarrierindex and SNR

3.4.2 LMMSE Channel Estimation

In this part, I will compare the performance of the LMMSE estimator with
the LS estimator using the linear interpolation. I will also compare the
LMMSE estimator which uses the ideal autocorrelation matrix with one that
has to estimate the autocorrelation matrix. Finally, I will compare the per-
formance of the LMMSE estimator for spatially correlated channels and the
LMMSE for spatially uncorrelated channels applied on a spatially correlated
MIMO channel.
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Figure 3.7: MSE for the sinc interpolation in the frequency domain over
subcarrierindex and SNR

LMMSE Channel Estimation versus LS Channel Estimation

In Figure 3.8 and Figure 3.9, the LS estimator is compared to the LMMSE es-
timator. The performance increase of the LMMSE estimator is obvious. The
SNR gain of the LMMSE estimator over the LS estimator is approximately
1.4dB. In terms of throughput, the system using the LMMSE estimator is
approximately 0.5 dB worse than the system with perfect channel knowledge.
However, the use of the LMMSE estimator is connected with some problems.
The second order statistics of the channel and the noise are necessary, and
have therefore to be estimated. In the presented figures, I assumed that
the channel statistics and noise power are known perfectly. To calculate the
LMMSE filtering matrix, a matrix inverse has to be calculated. In general,
matrix inversion is a complex operation, which increases the overall complex-
ity of the estimator.

Non Ideal Autocorrelation Matrix

In practice, a user does not know the second order statistics of the channel
(i.e. Ryns and Ry, ¢ from Equation (3.10) are unknown). One possibility
to solve this problem, is to save autocorrelation matrices for typical scenarios



CHAPTER 3. CHANNEL ESTIMATION FOR BLOCK FADING 26

10! -

—— LS linear
— LMMSE

100 |

10

MSE

10

103

10

Figure 3.8: MSE for the LMMSE estimator versus the LS estimator

4
350 ]
= S 1
=
= 25} ]
-+~
2,
2 ol ]
=Yl
=
@]
215} ]
=
1} ]
0.5} = LS linear
— LMMSE
Jg/J L PERFECT
05 y 5 10 i5 30 75 30

Figure 3.9: Throughput for the LMMSE estimator versus the LS estimator



CHAPTER 3. CHANNEL ESTIMATION FOR BLOCK FADING 27

and let the User Equipment (UE) update it, or let the UE to estimate its own
autocorrelation matrix. I implemented the following algorithm to estimate
the autocorrelation matrix:

1. The first M subframes are dedicated just for the estimation of the
autocorrelation matrix Ry,.

2. For the first M subframes, LS estimation with the linear interpolation
is performed.
3. The autocorrelation matrix is estimated as

M—-1ny—1n,—1

Z Z Z flLS,m,nt,nr,nflgs’m’nt’nhn. (334)

m=0 nt=0n,=0

1
Mnin,

Ry, —

M should be chosen such, that the matrix Ry, is full rank. In the follow-
ing simulation, I set M = 20 in a 4 X 2 system, which means that the
autocorrelation matrix is estimated over 160 channel realizations (M N;N;).
In Figure 3.10 and Figure 3.11 the performance of systems with the ideal
autocorrelation matrix and with the estimated autocorrelation matrix are
compared. As expected, the performance of the system with estimated au-
tocorrelation matrix is decreased. However, the performance is much better
than the system with LS estimator. The SNR loss of the system with esti-
mated autocorrelation matrix to the system with ideal autocorrelation matrix
is approximately 0.5 dB.

Figure 3.12 and Figure 3.13 show the performance of the system using the
estimated autocorrelation matrix over M MIMO channel realizations over
which the autocorrelation matrix is calculated. It can be seen, that the
MSE saturates for M larger than 10, which is the condition for full rank.
If throughput is considered, the system saturates even before M = 10. In
the simulation, the individual SISO channels of the MIMO channel were as-
sumed uncorrelated. Therefore, if the SISO channels of the MIMO channel
were correlated, the performance saturation would occur for M > 10.

LMMSE Channel Estimation for Spatially Correlated Channels

In Figure 3.14 and Figure 3.15 the LMMSE estimator for spatially correlated
channels, which knows the spatial correlation between the antennas perfectly
and the LMMSE estimator, which is not using the spatial correlation for
channel estimation are compared. To generate a spatially correlated MIMO
channel, the Kronecker model with 0.3 correlation coefficients is used. There
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Figure 3.10: MSE for the LMMSE estimator with estimated autocorrelation
matrix

is no significant improvement of performance observable. To be able to use
the LMMSE estimator for spatial correlated channels, spatial correlation
between antennas has to be estimated and the dimension of the matrix to
invert is N;N,-times larger than the dimension of matrix to invert in case
of the LMMSE estimator, which does not use spatial correlation between
antennas. Thus, it does not seem reasonable to utilize the spatial correlation
between antennas for channel estimation.

3.4.3 ALMMSE Channel Estimation

In this section, I will present results of the ALMMSE channel estimator
performance. In Figure 3.16 and Figure 3.17 performance of the ALMMSE
estimator with different values of L is plotted. It can be seen, that with
increasing L, also the MSE is decreasing and throughput is increasing. For
L = K the ALMMSE estimator is equal to the LMMSE estimator. It is
obvious, that with increasing L also the complexity of the estimator is in-
creasing. This fact allows to adjust the performance and complexity of the
estimator to achieve a good trade-off.
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For L = 3 just one channel estimate on a pilot position is used to estimate
the channel vector. This approach corresponds to nearest neighbor inter-
polation, where the estimate on the data position is equal to the estimate
on the closest pilot position. Therefore, the performance of the ALMMSE
estimator with L = 3 is poorer than the performance of the LS estimator.

In Figure 3.18 the SNR loss of ALMMSE to LMMSE in dependence of chosen
L is plotted. To overcome LS performance, L > 6 has to be chosen.
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Chapter 4

Channel Estimation for
Fast Fading

In the following chapter, I will discuss channel estimation assuming fast fad-
ing, that is, the coherence time of the channel is so short that the channel
impulse response changes significantly during one subframe. In the used
channel model, the maximum Doppler shift frequency fsmax, corresponding
to the maximum velocity vy according to Equation (3.3), can be chosen.
Due the vividness of velocity, I will use vy, to describe the fast fading chan-
nel. If vy, is set to 0, the fast fading channel degrades into a block fading
channel. The channel estimation for fast fading is in general more complex
than for block fading, therefore it is important for a real-time implementa-
tion to decide correctly which type of estimator to use.

The output of the fast fading estimator will be the channel estimate Bnt,nr
between all transmit and receive antenna ports (this vector has the same
structure as h,,, . in Equation (2.15)). This vector can be equivalently writ-
ten as matrix

ﬂnhm_ — [}]T ...hT

nt,nr,0 ntynr,Ns—l]

(4.1)

where ﬁntnn is the channel estimate vector of the ns-th OFDM symbol.
The matrix H,, ,, corresponds to the time-frequency grid of a subframe.

4.1 Least Square Channel Estimation

As in Section 3.1, the first step toward the LS estimate is to divide the re-
ceived symbol at a pilot symbol position y,,, at the n,-th receive antenna
port by the known transmitted pilot symbol z, ,, of the ni-th transmit an-

34
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tenna port.

ilLS,p,m,nr = Yomr _ hp e e + M~ (42)

Lp,ns Lp,ng
The pilot symbol positions indicated by p corresponds to some position
within the time-frequency grid. The main difference to Equation (3.6) is,
that also the index of OFDM symbol ng has to be considered and that in
general it is not allowed to average over two channel coefficients on the same
subcarrier. Therefore the fast fading LS estimator has poorer performance in
case Umax = 0 as the block fading estimator for same scenario. To obtain the
missing data channel coefficients, again interpolation has to be performed.
The main difference to Section 3.1 is, that instead of 1D interpolation, 2D
interpolation has to be used.

Linear Interpolation

This algorithm solves the so-called triangulation problem (for more details
see [15]). For every channel coefficient which is to estimate, it searches for
three nearest LS estimates on the pilot positions in the time-frequency grid,
and samples plane spanned by those three points.

Cubic Interpolation

Cubic interpolation works similar to the linear interpolation, but instead of
using just planes, it performs triangle-based cubic interpolation [16].

V4 Interpolation

This algorithm uses method presented in [17]. The complexity is higher than
of the linear or cubic interpolation.

4.2 Linear Minimum Mean Square Error
Channel Estimation

The approach of the LMMSE estimator for fast fading is similar to the
LMMSE for block fading. It is based on Equation (3.9). The MIMO channel
will be estimated as NV, independent SISO channels. This estimator can be
used also for spatially correlated MIMO channels. Let flLsM’nr be the vector
of the LS estimate for the SISO channel between the ni-th transmit and the
n,-th receive antenna ports on the pilot positions, with length N, which is
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the number of pilot symbols. The autocorrelation matrix Ry, is given by

Ry, =E{h,,, h . }. (4.3)

nt,Nr

In contrast to Section 3.2, the vector to estimate in this section is Ny time
longer than the one in Section 3.2, therefore also the dimension of Ry, is
correspondingly larger. The autocorrelation matrix can be written as

Ri = Riime ® Ry, (4.4)

where Ryime is an Ng X Ny matrix describing the time correlation between
the OFDM symbols and Ry, is an Kg,, X Ky, matrix describing the fre-
quency correlation of the subcarriers. The index ng in Equation (4.4) does
not indicate time dependency, but indicates, that the matrix Ry, comprises
correlation within one OFDM symbol. To obtain the LMMSE channel esti-
mate, the LS channel estimate has to be filtered by a filter matrix Apyvse,
which is in the case of fast fading

Arvvse = R gy, (Rigs + o21)~ L. (4.5)

To obtain the matrices thth and Ry, ¢, which are necessary to calculate the
LMMSE filtering matrix, the matrix Ry, has to be permuted

R; = PR,P" (4.6)
and the submatrices have to be chosen
Rﬁ,th = (Rﬁ)Nd-i-Np,Np (4.7)

Rp s = (Rﬁ)Np,Np' (4.8)

The LMMSE channel estimate between the n¢-th transmit and n,-th receive
antenna port is obtained as

hivivse,nene = ALvmsenLs n o, (4.9)

which has to be permuted with permutation matrix P to obtain the channel
estimate in the correct order

hivvsE e e = Phivvse,nen, - (4.10)
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4.3 Approximate LMMSE Channel Estima-
tion

In the following section, I present a novel fast fading channel estimator,
which approximates the LMMSE channel estimator. The main idea is to
make use of the known structure of the channel autocorrelation matrix, given
by Equation (4.4). The standard LMMSE filtering matrix is obtained by
minimizing Equation (3.8). Let us consider the following problem

min E {HH — By HisCT ||§} (4.11)

time
freqs“time

where H and Hyg have the structure given in Equation (4.1). The approach
in Equation (4.11) corresponds to separate filtering over time and frequency
of the LS estimate. If the frequency correlation is not changing over time and
the time correlation is not frequency dependent, then the channel estimate
obtained by separate filtering over time and frequency is identical to the
LMMSE channel estimate. After applying the vec(-) operator (for details see
[18]) on Equation (4.11), and using

vec (H) = h, (4.12)
vec (I:ILs) = flLs, (413)
and R A
vec <BfreqHLsC;Pime> = (Cltime ® Bireq) vec (HLS> , (4.14)
the following expression is obtained
min E {||h — (Ciime ® Bireg) ﬁLSug} . (4.15)
Bfreqvctime

The problems formulated in Equation (4.11) and Equation (4.15) are equiv-
alent. Comparing Equation (4.15) to Equation (3.8), the LMMSE estimate
is obtained as Apyvmse = Chime ® Breq. However, not every matrix can be
obtained as Kronecker product of two matrices. Thus, the matrix Apmvse
can only be approximated by Ciime ® Bireq

Apavvse = Ciime @ Bireq- (4.16)

Using Equation (4.4), the matrix Apyvsg is given as

Aravst = Riime @ Ri,,. (Riime @ Ra,,, 4+ 051) - (4.17)
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The symmetric matrices Ryine and Ry, . can be rewritten using the eigenvalue
decomposition as

Rtime = UtimeDtimeUgme (418)
Ry, = Un,, Dy, Up,, (4.19)

where Dyjpe and Dy, are diagonal matrices, with their corresponding eigen-
values ordered from largest to smallest on the main diagonal. Uy, and
Uy, are unitary matrices comprising the eigenvectors of the given matrices.
The Kronecker product of two matrices has eigenvectors that are given as
Kronecker product of the eigenvectors of the matrices, and the eigenvalues
are obtained by all possible multiplications of the eigenvalues of the given
matrices, thus

Riime ® Rir,. = (Utime ® Un,) Diy (Ugime @ Up, )" (4.20)

where Dy, is a diagonal matrix with eigenvalues of matrix Rijme ® Ry, _, equiv-
alently the matrix Dy, is given by Dyime ® Dy, _. Inserting Equation (4.20)
into Equation (4.17) the following expression is obtained

Apvvise = (Utime @ U, ) Dpy (Ugime @ Up, )" -

-1
: ((Utime ® Un,) Dh (Utime ® Up,)" + aiI) . (4.21)

As a matter of fact, the Kronecker product of two unitary matrices is again
a unitary matrix, and therefore

I= (Utine ® Un,) (Utime ® Un,)". (4.22)
Using Equation (4.22), Equation (4.21) can be rewritten as
Apst = (Utime ® U, ) Di (Utime ® Up,)™ -

—1
. ((Uﬁme ® Un,) (Dn + 021) (Uyime ® Uhn)H) o (4.23)

To calculate the inverse of a matrix, using the eigenvalue decomposition, the
following expression holds

(upu™)™' = uDp~'U" (4.24)
thus Equation (4.23) can be equivalently rewritten as

Avivse = (Utime ® Up, ) Dh (Utime ® Uhn)H .
- (Utime @ Un,) (D 4+ 021) ' (Uyme @ U ). (4.25)
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Using Equation (4.22), Equation (4.25) can be equivalently rewritten as

Avivse = (Utime ® Uy, ) Dy (Dh + 01201>71 (Utime ® Uhn)H ) (4.26)

The first assumption towards finding Bgeq and Ciime, is that the matrix Byeq
has the same eigenvectors as the matrix Ry, , and Cyne as Rijme. Thus,
Equation (4.16) can be written as

Apvvse = UpDy (Dh + 0121,1)71 U} ~ UthT@;BﬁeqUE (4.27)

with Uy = Ugjme ® Uy, and D(;mne@ﬂgfreq being a diagonal matrix comprising
the eigenvalues of the matrix Cijme @ Bpeg, Which are given as all possible
multiplications of eigenvalues of the matrices Cyime and Bgeq. By multiplying
the expression in Equation (4.27) by Uil from the left side and by Uy, from
the right side, the following expression is obtained

Dh (Dh + 0"3}1)71 ~ Dctime®Bfreq' (428)
Let A

Ztime?

Rhu,, Ciime and Byeq, respectively. By multiplying A

Ahns, Ac,,.. and ABfreq denote vectors with eigenvalues of Ryjpe,
time With Agns, a ma-
trix is obtained that comprises all possible multiplications of the elements
of the vectors, and thus the eigenvalues of the matrix Rijme ® Ry, . To
solve Equation (4.28), the eigenvalues of the matrix Cyime ® Bieq have to be
found. The eigenvalues of the matrix Cyime ® Bpeq are given as all possible
multiplications of the eigenvalues of the matrices Cyime and Byeq. Thus, the
matrix Ag, AE comprises the eigenvalues of the matrix Ciime ® Beq. Using
matrices AtimeAEnS and Acﬁmegﬁﬁeq, instead of solving Equation (4.28), the
problem can be reformulated as

MimeAn,. -/ (Atimedn,, +00l11T) = A, Ap (4.29)

ZtimeZhyg 2timelt —Bfrcq

where 1 is the all ones vector and ./ denotes element-wise division. Equa-
tion (4.29) and Equation (4.28) are equivalent. The approximation from
Equation (4.29) is a so-called rank one approximation. The best rank one
approximation can be found by using a singular value decomposition of the
matrix, that has to be approximated

Atimen, -/ (Aimen,, +05117) = UZVH, (4.30)

The rank one approximate vectors are then given by the columns of U and V
corresponding to the largest singular value. One of them has to be multiplied
by the largest singular value

Actime = OmaxUmax;, (431)
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AB,.. = Viax. (4.32)

In order to reduce the complexity of the estimator, only Nime and Ngeq
largest eigenvalues of the matrices Ryime and Ry, and corresponding eigen-
vectors are considered.

The presented channel estimation approach is summarized as

Harvvise = BreqgHisCh (4.33)

time>

where the matrices Beq and Ciime are given by

Bfreq = (Uhn)l:Nfreq dlag (Vmax) (Uhn)ENﬁeq (434)

Ctime = (Utime)l;Nﬁme Umaxdiag (umax> (Utime>11{;Ntime (435)

where diag(+) creates a diagonal matrix, and (-);.y creates a matrix, which
consists of the first NV columns of the matrix. The vectors v ax and omaxUmax
are obtained with help of Equation (4.30), with the vectors )\, and A
being of length Neq and Niime, respectively.

time

4.4 Simulation Results

In the following section, I will discuss the performance of the presented chan-
nel estimation technique for fast fading. Furthermore, I will discuss scenarios
in which a block fading estimator is applied on a fast fading channel. Ad-
ditionally, I will discuss the ICI issue. For the following simulations, I used
settings of the simulator presented in Table 4.1. In will present simulation
results just for vy.x = 60km/h.

Parameter Value

Bandwidth 1.4 MHz
Number of transmit antennas 4
Number of receive antennas 2

Transmission mode Open-loop spatial multiplexing
Channel type ITU VehA [14]

Umax 60km/h

CQI 9

Table 4.1: Simulator settings for fast fading simulations
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subcarrier index 0770 OFDM symbol

Figure 4.1: Example of a fast fading channel

To obtain a time correlated channel, I used the modified Rosa Zheng model,
which is based on [19] and with some modification in the appendix of [20]. In
Figure 4.1, an example of a fast fading channel for vy, = 60km/h is plotted.
The variation of the channel does not look enormous, but I will later present
results, which show, that the chosen vy, corresponds to a fast fading chan-
nel. Fast fading implementation in the LTE link level simulator generate a
channel impulse response for every sample of the transmit signal in the time
domain. This approach corresponds to a real fast fading scenario more than
the widely used scenario, where the channel impulse response is assumed to
be constant over the duration of one OFDM symbol.

4.4.1 Comparison of Fast Fading Channel Estimation

In Figure 4.2 and Figure 4.3 the MSE and throughput for the LS estimator
with different interpolation techniques and also for the LMMSE estimator
are plotted. The performance of different interpolation techniques is similar.
Therefore, it make sense to use the less complex interpolator, which is the
linear interpolator. The SNR loss of a system using the LS estimator with
linear interpolation to the system with perfect channel knowledge is approx-
imately 2.3dB. The system using the LMMSE estimator is loosing around
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Figure 4.2: MSE for different fast fading estimators

0.8dB. The SNR loss of the fast fading estimators is slightly larger than the
SNR loss of the block fading estimator.

If Figure 4.3 and Figure 3.9 are compared, it is evident that for fast fad-
ing scenario with vy,x = 60km/h the achievable throughput is smaller than
for block fading scenario. The reason for this behavior is ICI.

Robustenss against Wrong Temporal Statistics

To calculate the LMMSE filtering matrix, correlation over time is necessary.
In Figure 4.2 and Figure 4.3, I assumed that the time correlation between
the OFDM symbols of a subframe is perfectly know. Assuming Jakes model,
the time correlation is given by the zero-order Bessel function. In practice
however, the time correlation has to be estimated. I was not considering esti-
mation of time correlation, but I investigated the robustness of the LMMSE
estimator against wrong temporal statistics. In this experiment, the channel
is generated using some v, and the LMMSE estimator is using vestimated,
which might be different. In Figure 4.4 and Figure 4.5 the MSE and through-
put for a system using the LMMSE estimator, which is using wrong temporal
statistics for the channel estimation are shown. The abscissa shows the rel-
ative error of the used Vegtimatea cOMpared to vpnax. It can be seen, that the
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Figure 4.3: Throughput for different fast fading estimators

relative error of the vegtimatea has to be larger than 40 % to see degradation
of the performance of the whole system. In Figure 4.4 can be seen, that the
MSE is larger in case, when the vegtimated 18 Smaller than vy, than if the used
Vestimated 15 larger than the true vy... Furthermore, it can be seen, that the
MSE is not changing significantly if the vegtimated 18 In range of vpax £ 20%.

4.4.2 Block Fading Channel Estimation

In this section, I investigate the performance of a system using a block fad-
ing estimator in the fast fading scenario. Furthermore, I try to determine
Umax, for which from channel estimation point of view, block fading can be
assumed. Finally, I discuss the reasons for the performance degradation in
fast fading scenario.

The block fading estimator tries to find a channel estimate, which corre-
sponds to the mean of the channel over the duration of one subframe. If the
channel is changing rapidly, the performance of the system will decrease. In
Figure 4.6 and Figure 4.7 the MSE and throughput of the system with a
block fading estimator applied on fast fading scenario over v, are shown.
As expected, with increasing vy, the performance of the overall system is
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Figure 4.4: MSE for the LMMSE estimator using wrong temporal statistics
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Figure 4.5: Throughput for the LMMSE estimator using wrong temporal
statistics
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decreasing. The curves for given SNR in Figure 4.7 are not decreasing sig-
nificantly up to vpax = 20km/h. Therefore, the block fading assumption is
fulfilled for the LTE system, if the vy, < 20km/h is satisfied. This is less
than predicted in beginning of Chapter 3.

10° ;
—_L

—— LMMSE

10 SNR = 10:dB

MSE

10”

SNR = 20 dB

-3 I I I I L
10 40 60 80 100 120
speed [km/h]

Figure 4.6: MSE for block fading estimator applied on fast fading scenario

In Figure 4.7, it can be seen, that the performance of the system with per-
fect channel knowledge is also decreasing significantly with vy.,.. As it has
been shown in Section 4.4.1, the performance of the LMMSE estimator is
just slightly poorer than that of a system with perfect channel knowledge.
Therefore, there is gain of about 0.25Mbit/s for vy., = 120km/h, if a fast
fading estimator is used. However, even the performance of a system with
perfect channel knowledge is rapidly decreasing with increasing vay.

In case of fast fading, the columns of the channel matrix in the time domain
H,S?,WS are time dependent. The matrix Hgf&nnns is not a circulant matrix

after multiplication by Fcp em from left and by Fep from right. Therefore,
the channel matrix in the frequency domain A is not diagonal. The

g, Mor ;Mg

ICI is caused by the nondiagonal elements of the matrix A® Figure 4.8

T, Ny, Ns
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Figure 4.7: Throughput for block fading estimator applied on fast fading
scenario

depicts the ICI power over vy,... The ICI power is defined as

Ny
Picr = Z E {H (Am,nr,ns — diag (Ant,nr,ns)) Xnt,nsng} (4'36)

nt:I

where the expression diag (-) creates a diagonal matrix. For low vy, the ICI
power is low and the subcarriers are orthogonal. With increasing vy, also
the ICI power is increasing and the orthogonality between the subcarriers
is not preserved. Therefore, not just the noise is the limiting factor of the
system, but also the interference (e.g. for vy, = 120km/h, the Signal to
Interference Ratio (SIR) = 10 dB. Therefore, even without any noise, the
performance of the system is strongly limited). Consequently, the Signal to
Interference and Noise Ratio (SINR) should be considered instead of SNR in
fast fading scenarios. Figure 4.9 depicts the SINR mapping for two values
of SNR, which shows the influence of the ICI. In a MIxO system, the ICI
is caused by signals from more transmit antennas and therefore the ICI in
MIxO systems is accentuated (for detailed ICI analysis see [21] and [22]).
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Figure 4.9: SNR/SINR mapping for a moving UE
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4.4.3 ALMMSE Channel Estimation

In Figure 4.10 and Figure 4.11 performance curves for the ALMMSE chan-
nel estimator are plotted, which was presented in Section 4.3. In terms of
throughput the ALMMSE estimator is losing 0.1 dB to the LMMSE estima-
tor.

10' ) :
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S L LT PR PR R RRRTTTRRSTPRRRRY (LT LLY LMMSE
100 |
101}
=
w0
=
102}
103}
-4 i i i i I I
10-5 0 5 10 15 20 25 30
SNR [dB]

Figure 4.10: MSE for the ALMMSE estimator
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Chapter 5

Conclusions and Further Work

This master thesis treats channel estimation for Long Term Evolution (LTE)
and investigates the performance of some applicable concepts. It is possible to
apply most of the discussed concepts to other Orthogonal Frequency Division
Multiplexing (OFDM) systems with slight formal changes. First, I investi-
gated channel estimation for slowly changing channels, where I assumed that
the channel stays constant during the transmission of one subframe. Second,
I investigated channel estimation for rapidly changing channels.

If no statistical knowledge about the channel is available, for both, block
and fast fading, first the Least Squares (LS) channel estimate on the pilot
symbol positions has to be calculated. The data channel coefficients have
to be obtained by interpolation. The linear interpolation shows the best
performance among the presented interpolation techniques, and the lowest
computational complexity. Therefore, in case of the LS channel estimation,
the linear interpolation should be used. However, one should be aware of
edge effects of the linear interpolator at low Signal to Noise Ratio (SNR)
values. The SNR loss of a system using the LS estimator with linear inter-
polation to the system with perfect channel knowledge is approximately 2 dB.

To improve the performance of the LS estimator, the Linear Minimum Mean
Square Error (LMMSE) estimator can be implemented by filtering the LS
estimate. If the channel autocorrelation is known perfectly, the SNR loss to
the system with perfect channel knowledge becomes approximately 0.5dB.
In practice, however, the channel autocorrelation has to be estimated. Such
a system is losing approximately 1dB to the system with perfect channel
knowledge. To estimate the channel autocorrelation matrix, the LS channel
estimate can be used. Already after few channel realizations, the estimator
is performing well. In case of fast fading, also the time correlation has to

50
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be estimated. In the thesis, I show that the LMMSE estimator is robust
against wrong temporal statistics. A relative estimation error of 20% of the
maximum velocity does not influence the system performance significantly.

To reduce the computational complexity of the LMMSE estimator while pre-
serving its performance, low complex alternatives are investigated. In case
of block fading, I discuss an Approximate Linear Minimum Mean Square
Error (ALMMSE) estimator, which exploits only the correlation between
the L closest subcarriers instead of the correlation between all subcarriers as
in the case of the LMMSE estimator. With increasing L, the performance
is approaching the performance of the LMMSE estimator, and at the same
time the computational complexity is increasing. This fact allows adjusting
the performance and complexity of the estimator to achieve a good trade-off.
In case of fast fading, I propose a novel channel estimator, which makes use
of the structure of the channel autocorrelation matrix. The SNR loss to the
system using the LMMSE estimator is approximately 0.1 dB.

For LTE, it is found that the block fading assumption is justified up to a max-
imum velocity of about 20 km/h. Since with increasing velocity the channel
changes during the transmission of one OFDM symbol, the subcarriers are
not perfectly orthogonal to each other and Inter Carrier Interference (ICI) oc-
curs. Due to the ICI, the performance of the system is significantly reduced,
when the receiver does not handle ICI. Consequently at higher velocities not
just noise power but also ICI power is the limiting factor of the LTE system.



Appendix A

Acronyms

3GPP 3rd Generation Partnership Project
ALMMSE Approximate Linear Minimum Mean Square Error

A/D Analog/Digital

DFT Discrete Fourier Transform

FFT Fast Fourier Transform

GSM Global System for Mobile communications
H-ARQ  Hybrid Automated Repeat Request

ICI Inter Carrier Interference

INTHFT Institute of Communications and Radio-Frequency Engineering

IFFT Inverse Fast Fourier Transform
LS Least Squares
LTE Long Term Evolution

LMMSE Linear Minimum Mean Square Error
MIMO Multiple Input Multiple Output

MSE Mean Square Error
OFDM Orthogonal Frequency Division Multiplexing

SINR Signal to Interference and Noise Ratio
SIR Signal to Interference Ratio

SISO Single Input Single Output

SMS Short Message Service

SNR Signal to Noise Ratio

T-F Time-Frequency

UE User Equipment

WAP Wireless Application Protocol

WIMAX  Worldwide Inter-operability for Microwave Access
W-CDMA Wideband Code Division Multiple Access
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