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Abstract

In recent years, space time block code (STBC) has been shown to give high code rate and
good performance. It is suggested to be applied in an orthogonal frequency division multiplex
(OFDM) system since OFDM system with multiple antennas can provide better
communication performance by exploiting transmit diversity and it was also supported by IEEE
802.16e/m standard. Nevertheless, STBC is sensitive to the temporal channel variation inside
one code word which results in the symbols inside one codeword interferes with each other.
Also, time-varying multipath channel introduces intercarrier interference (ICl) among OFDM
subcarriers. These interference noises degrade STBC-OFDM system performance. Hence, an
STBC interference cancellation scheme is required for better performance when the detailed

channel statistics information (CSI) variation is unavailable.

This thesis proposes an STBC interference canceller for any STBC-OFDM systems with
two transmit antenna and one receive antenna in mobile environment. The proposed STBC
interference canceller is applied in an existed IEEE802.16e STBC-OFDM receiver and can
easily be adapted into IEEE802.16m STBC-OFDM receiver, too. The proposed design aims
to provide performance improvement under the vehicle speed up to 360 km/hr. The

v



performances have been demonstrated through the simulation of the proposed design with a
previously proposed two-stage channel estimator. At vehicle speed of 240 and 360 km/hr and
signal to noise ratio (SNR) over 15dB for 16 quadrature amplitude modulation (16QAM), the
proposed design can provide more than 2 times bit error rate (BER) improvement. The
proposed design is implemented in 90 nm CMOS technology. The gate count is 42,277 and
the power dissipation is 1.45 mW at 78.4 MHz operation frequency from a supply voltage 1V.
About 61% gates of our proposed STBC interference canceller are shared with the existed

two-stage channel estimator design, and the overhead is only 4.9%.
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Chapter 1 Introduction

1.1 Overview of IEEE 802.16e/m OFDM systems

Wireless Metropolitan Area Network (WiMAN), allowing end-users to travel throughout
a hot zone cell without losing connectivity, has been an very important technique in wireless
communication. The services provide portability and mobility to make users more convenient
to access information. For the high quality service, the channel capacity seems more important
for WiMAN, therefore, the error correcting capability is a great issue in WiMAN. WiMAN is
defined by IEEE 802.16 Working Group on Worldwide Internet access (BWA) standards and
commercially known as Worldwide Interoperability for Microwave Access (WiMAX) which

defines broadband Internet access from. fixed or mobile devices via antennas.

IEEE 802.16e standard [1] ‘was released in 2005 and is often referred to as mobile
WIMAX. It is an extension of IEEE802.16-2004 for providing high data rate transmission and
mobility of WMAN. It enables mabile speed up to 120 km/hr, but also backward compatible to
support the fixed mode in IEEE 802.16-2004. Operation in mobile mode is limited to the
license bands between 2-6 GHz. It is based on an OFDMA technique to support multiple access

scheme and multiple-input multiple output (MIMO) systems over multipath fading channels.

IEEE 802.16m standard [2] is an updated version of IEEE 802.16e. It is also fully
backward compatible to support the older IEEE 802.16 standards, and targets to attract new
operators that starts the deployment from 2012. Note that the enabled mobile speed is increased
to 350 km/hr. The other major differences between 802.16e and 802.16m are discussed in
Section3.1.4.

In this thesis design and implementation of STBC interference canceller for high
mobility WiMAN is proposed. The implementation uses IEEE802.16e as a test vehicle and
can also be adopted in IEEE802.16m application.



1.2 Motivation

IEEE 802.16e/m systems effectively provide wireless transmission of data using a variety
of transmission modes from point-to-multipoint links to portable and fully mobile internet
access. The research of IEEE 802.16e/m systems have gained more and more interest and
become the world wide topic. However, in mobile wireless communication, the channel often
varies rapidly, which results in a large Doppler spread, particularly when the mobile station
(MS) moves at a vehicular speed. A fundamental phenomenon that makes credible wireless
transmission expensive and difficult is time-varying multipath channels. In order to improve the
transmission quality in fast and selective fading channels, transmit diversity is an effective
technology for reducing fading effect in mobile wireless communication, especially when

receive diversity is expensive or impractical to acquire.

In recent years, space time block code (STBC) has been shown to give high code rate and
good performance. It is suggested to be applied in an OFDM system since OFDM system with
multiple antennas can provide better communication performance by exploiting transmit
diversity and it was also supported by IEEE 802.16e/m standard. Nevertheless, STBC is
sensitive to the temporal channel variation inside one code word which results in the symbols
inside one codeword interferes with each other. Also, time-varying multipath channel introduce
intercarrier interference (ICI) among OFDM subcarriers. These interference noises degrade
STBC-OFDM system performance. Hence, an STBC interference cancellation scheme is
required for better performance when the detailed channel statistics information (CSI)

variation is unavailable.

In this thesis, we focus on the design and development of an STBC interference canceller
applied in an IEEE 802.16e down link baseband receiver. The proposed algorithm and
hardware architecture are proposed to present an efficient and low-overhead solution for any
conventional STBC-OFDM system.



1.3 Thesis Organization

The rest of this thesis is organized as follows. Chapter 2 introduces the principle of STBC
OFDM and formulates its interference noise components introduced by time-variant channels.
Chapter 3 presents the algorithm design and its simulation results. The goal of the proposed
design is to integrate with an recently published two-stage STBC-OFDM channel estimator [3]
to improve system performance at high-mobility and high-QAM constellation applications. In
Chapter 4, an efficient architecture is provided to keep high performance without increasing

hardware overhead. Finally, Chapter 5 is the conclusion.



Chapter 2 Interference of STBC-OFDM Systems
in Wireless Mobile Environment

MIMO-ODFM technique employs multiple antennas at the transmitter or receiver to
increase diversity gain and improve system performance without additional bandwidth or
transmit power. But in modern wireless mobile applications, receiver diversity is considered too
costly to be implemented. The concept of space-time block code (STBC) provides a very
efficient method to exploit transmit diversity. In recent years, STBC-OFDM has been adopted
in 802.16e/m to support high speed applications.

STBC requires the channel between each transmit-receive antenna pair to be constant over
the symbol periods inside 1 code word. However, this assumption rarely holds in highly mobile
applications. Time domain channel variation results in several kinds of interference noise
during decoding and impact system performance. In this chapter, we will derive these

interference noises and demonstrate their effects on system performance through simulation.

2.1 STBC-OFDM Systems under Quasi-Static

Channel

We begin this chapter with the assumption that the channels do not vary over a STBC code
word period, it is also known as “quasi-static condition”. Fig.2.1 is a conventional OFDM

system having transmit diversity.

_X X stBC [ Xr
S " reT YXA Decoder «
H s
Xe [ st MOM @
Xs— Encoder | | / FIT R
2
Y H( ) Channel
- »| IFFT Estimator

Fig.2.1 Conventional STBC-OFDM system with quasi-static channel
4



2.1.1 STBC Encoding

Among various STBC scheme that has been studied, Alamouti coding scheme is the
most popular and practical one [4]. This scheme requires 2 transmit antenna and 1 receive
antenna as shown in Fig.2.1. Each block code word occupies the length of 2 symbol interval,
or 1 “time slot.” 2 OFDM symbols, and, are encoded and transmit from different antenna
in the manner described in Table 2.1, where is the subcarrier index , N is the total

number of subcarriers ,and the superscript * stands for complex conjugate.

Table 2.1 Transmit symbols of Alamouti STBC encoding scheme

Transmit Antenna
1% Antenna 2" Antenna
_ 1° Symbol Interval Xe Xs
One time slot
duration od . .
2" Symbol Interval —X Xe

2.1.2 STBC Decoding
The channel frequency response between the first transmit antenna and receive antenna at

the S -th time slot is denoted as Hfsl)[k] and the other one is denoted as Hff)[k]. Within this

time slot, the 1% and 2™ received OFDM symbols, R.[L k] and R,[1 K], can be expressed as

Ro[L K] = Hi [KIX - [K]+ He KX [K]+ Z[L K]

0 ) * (2.1)
R.[2,k]=—Hs [k](XS[k]) +Hs [k](XF[k]) +Z,[2,K]

for ke QuJ,where Qand Jdenote the set of data and pilot subcarrier indices, respectively,
5



and Z [Lk] and Z [2,k]are the uncorrelated additive white Gaussian noise (AWGN) with

zero-mean and variance o~ .

To demonstrate decoding process clearly, we reformulate (2.1) as below.

RILK ] | M HETK] [ g T Zk
(Rf2Kl) | |(HE'[]) -(He'[]) |LXs (KD L(ZE2D)
Y [K] AT X[k] Z.[k]

To perform simple Alamouti decoding, we multiplying A [k] with received signals and the 2

symbols in X[k] are decoupled from each other:

Au [K] Y [K]= A [k]As [K] X, K]+ Ax [K]Z,[K]
= o [KIX K]+ Ae [K] Z, K] (2.3)

2
+

2
o, [K12 [He [k]| +|He [K]

where superscript “H” stands for Hermitian transpose. Based on the latest estimated channel

frequency response M® and M® | the decision of 2 transmitted symbol can be made

independently by the following equations

_ 1 K1) (2) .
Kol = 2 g (MET) RILKT - MEKI(R. 2 K0)
_ 1 @rK1) MO -
Kalkl= 2 g (MOBI) RILK-MEITIRIZK) ) @

CIKIE MO + M@K



2.2 Time-variant Multipath Channel and ICI Effect of
OFDM Systems

2.2.1 Time-variant Multipath Channel

In mobile wireless environment, multipath channels are usually time-variant. Although the
degree of channel variation over an sampling period decrease as data rate becomes higher, the
time variation of a fading channel over an OFDM symbol interferes the orthogonality between
subcarriers. This undesired effect in known as intercarrier interference (ICI). As the vehicle

speed increases, it introduces Doppler spread and increases the error floor.
Without loss of generality, we consider an single-input-single-output (SISO) OFDM

system that has only one transmit antenna. Let X [k] be the data symbol transmitted through

the k-th subcarrier for an OFDM symbol. Then after N-point inverse fast Fourier transform

(IFFT) modulation and appending cyelic prefix with length N, the transmitted time domain

data symbol at time g is denoted as

.27kq

N-1 27kg
x[q]=%ZX[k]eJ N, for g=—N_,-N, +1---,N -1 (2.5)
k=0

Assuming the multipath fading channel between the i-th transmit antenna and the receive

antenna is made of L discrete paths, the received signal can be expressed as [4].

ol = > hIN, +ala-11+ 2N, +al @9)

where h[b] and z[b] represents the complex path gain for the |-th path and AWGN at time b

respectively. By removing the cyclic prefix and taking the fast Fourier transform (FFT), the

demodulated signal in frequency domain is given by



R[K] =

N-1

m=0 1=1

L N-1 . 2zq(m-k) _joMms
Z{X[m][%Zh.[q]e’ : je ; }+Z[k]

(2.7)

N-1

= 3" HIk, mIX[m] + Z[K]

m=0

.27q(m-k)

H[k,mléi{e‘”m" (ﬁ“zlh.[q]e’ N ]} 28)

where H[k,m] represents the frequency domain channel coefficient between the m-th

transmitted subcarrier to the k-th received subcarrier, Z[k] is the FFT of AWGN, 7, denotes

the delay of the |-th path ,and m=0,1,2,---,N -1.

The significance of channel variation can be measured as the correlation of 2 channel

impulse response samples separated by an given time. o defined as g(p) =E {hI [q +p]h,*[q]} .

According to the studies of [5], the correlation function and vehicle speed has the following

relation

where

s(p)=3,(271,p)
f é[\ij f (2.9)

f, is the Doppler frequency, V. represents vehicle speed, V. stands for light speed,

f. denotes carrier frequency, and J, (x) is the zeroth-order Bessel function of the first kind.



A0 7:()

Fig2.2 Zero-th order Bessel function of the first kind

And the spectral density of ¢(p) is the renowned “Jakes model”. It can be observed from

Fig.2.2 that given a fixed carrier frequency, the absolute value of ¢(p)decreases when

vehicle speed increases. Therefore, the temporal channel variation becomes more random and

abrupt in high speed environment. Rapid temporal channel variation results in Doppler spread

effect in frequency domain described by (2.10), where. P, ( f) stands for the power spectral

density at frequency f .

f Jif ] < 1,
i, 2
P (f)= 1_(1:} (2.10)

0 , elsewhere

In OFDM systems, Doppler spread effect causes ICI between neighboring subcarriers. The
performance loss due to the ICI becomes significant as the carrier frequency, OFDM block

interval, and vehicle speed increase.



2.2.2 ICI effect

The channel matrix H can be simplified as

L-1

— - —12£T|
hifkle N ;ifk=m

L-1 71-2&1' 1 N j27rq(mfk) (2-11)
e N (WZhl[q]e N j ifk=m

H[k,m] =

h[N, +q] (2.12)

where hy is time average of the |-th complex path gain over the effective duration of an

OFDM symbol interval. It should be note that the diagonal terms of H is the FFT of hi, and
is equivalent to our desired channel frequency response. Those off-diagonal terms stands for the
coupling coefficient between different subcarriers which results in ICI effect. For better

comprehension, (2.7) can be rewritten as

R[k] = H[k, k] X[k]+ E H[k, m]X[m]+ Z[K]
i (2.13)

m=k

- /

ICI Eerm

If our channel is time invariant, complex path gain at any time within the effect duration of

an OFDM symbol is equal to hi, and it is easy to show that the off-diagonal terms of H
becomes zero.

hIN,+pl=h v{po<p<(N-1)}

. 27q(m-k) HI N-1 .27zq(m-k)

1 j j
:quh'[q]e N :er N =0 VKk=#m (2.14)

= H[k,m]=0 Vk=m

10



This implies that there is no ICI for time-invariant channel, and the received signal contains
only the multiplicative distortion and AWGN. They can be easily dealt with one-tap equalizer

and MAP detector. More detailed interpretations of h, and H are provided in [4].

2.3 Interference Noise of STBC-OFDM Systems

For time-variant channels, channel variation between OFDM symbols become significant,
and the “quasi-static condition” inside 1 STBC codeword period no longer holds. We have to
consider the channel frequency response of the 2 symbol period respectively , and the OFDM

system block diagram is modified as shown in Fig. 2.3., where Ht(;?b denotes for the frequency
domain channel matrix of i-th transmit antenna at the b -th symbol interval of the ts -th time
slot, where i€{1,2} ,be{l2} and ts=123--. The relationship of channel frequency

response between different antenna and symbol interval is illustrated as Table. 2.2.

HY
* 1s,2 H (1) STBC [——" Xk
—Xs X¢ I \Ats,l "| Decoder
o FFT X
% Y
— stBC | | R M Op @
Xs——| Encoder /H(YZ) FIT M
2
Y H'Es)z ts,1 | Channel
- IFFT ’ Estimator

Fig.2.3 Conventional STBC-OFDM system with time-variant channel

Table 2.2 Frequency domain channel matrices of an STBC code word

Transmit Antenna
1% Antenna 2" Antenna
1% Symbol 1) (2)
_ Interval H ts,1 Hts 1
One time slot
duration d

2" Symbol H 1) H®

Interval ts,2 ts,2

11



As a result, the received signals of (2.2) becomes

RJLK] | wa| HELml  HATm] |x_[m]] [ Ze[LK]
=2 1 ‘ { }+ < | (2.15)

(Rts[z’ k]) m=0 (Hts,Z[k’m]) (Ht(s)z[k!m]) X5 [m] (Zts[2’ k])
YilK] A [k,m] X[m] Z,[k]

Note that when the channels are in quasi-static condition, they are also time-invariant. So the

off-diagonal terms of H( )b vanish and its diagonal terms is equivalent to H" asshown in the

following equations

H[K] if k =m

0 ifkzm
A [k,m]=0 Y k=m (2.16)
Ass [k]=Ag kK]

HO [k, m] = HY, [k, m] = {

and the simple Alamouti decoding in (2.4) offers maximum likelihood (ML) performance [6].

However, under time-varying channels, the off-diagonal terms of H sp arenotzero. If we

separate those off-diagonal terms and time-varying components, equation (2.15) can be

reformulated as

Y, [k]=As [k K] X[K]+ A, L[k, k]xts[k]+ZAts[k m X[m]+ZA

m;tk m#k

[k, m]X,[m] (2.17)

tSA
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He [k, m] (H(')l[k m]+HO,[k,m]) , i e{L,2}

Foom Ak

(ﬁfs)[k,m]) -(ﬁi?[k,m])
tsA[k m] A, [k,m]—z\ts[k,m]

Hes [K] = He [k, k]
As [K]=As[k, k]

As [k, k]2

*

(2.18)

where As is composed of the averaged frequency domain channel matrix ﬁt(si) over the ts-th

time slot, and A, , is the variation part. If we apply the same Alamouti decoding technique

ts,A

using the above identity, then we have

As [k K] Y, [K] = o, [KIX, [k]+/1'3 [kok o [K] s+ B [K]+ v, [K]+ € [K]+Z, [K]}

—a ) (2.19)
o [K] = Ht(s)[k,k]‘ + Ak,
o [K] 2 Ag ALK, KIXTK] (CCI noise) (2.20)
B [K] £ 3 1& [k,m]X[m] (averaged ICI noise)  (2.21)
Ve [K]2 %AM [k,m]X[m] (variant ICI noise) (2.22)

where o, [k]=] o, [LK] ats[z,k]]T denotes the co-carrier interference (CCl)

Be[K]=[ A [LK] A[2K]] and v,[K]=[#[LK] 7 [2K]] arethe averaged and variant

13



part of ICI respectively. £ [k]=[¢,[LK] gtS[Z,k]]T stands for the ICI from pilot

subcarriers which we will discuss in Section 3.4.3. The presence of these 3 interference

components in time-varying channels results in severe performance degradation.

It has been studied that CCI problem is more important than ICI problems, and simulation
results provided in [7] suggests that the CCI power is larger than the ICI power by 7~8dB

regardless of the channel variation rate.
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2.4 Proposed Decoding Flow

In order to mitigate the impact of CCl and IClI, various approaches have been studied [6-9].
In [7], an successive interference cancellation (SIC) and least squares (LS) method was
proposed. In [9] the ML method was used to deal with CCI problem. In [6], a modified ML
method was proposed to reduce the complexity of traditional ML method. Most of the previous
works do not use Alamouti simple decoding technique and instead they use other sophisticated
symbol detection methods. However, those symbol detection methods results in significant

hardware overhead.

One design target of this thesis is to integrate the interference cancellation algorithm with
an existing STBC-OFDM system [3]. Under limited clock cycle and hardware budget, our
trade-off is to use simple Alamouti decoding technique for symbol detection and to focus on
modeling interference noise components. Based on the method in [8], we use the following

decoding flow:

(A) Channel Estimation

Estimate the channel frequency response without dealing with CCI and ICI noise to obtain

Mt(sl) and Mt(sZ) in Fig. 2.1.

(B) Initial Symbol Decision
I . . 0) (0) o7
Generate initial decision symbols using (2.4), denoted as X [k] = [X Fo Xs } .

(C) Interference Modeling
Approximate CCl and ICI based on channel estimation results, M ©and M@,
(D) Decision Symbol Updating

x"[k] < Dec!y, [k]-cc1” —1c1” (2.21)
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where Dec{ - } stands for simple Alamouti decoding using (2.4) , cc” and 101"

are the approximated CCI and ICI noise generated by Xw[k], and A denotes decoding

iteration index.
(E) Iteration

Go back to step (C) until the simulated BER performance can no longer improved.

SR

STBC

Interference
Canceller
-

Xg—

Channel

STBC
Decoder

@
M (2)

Estimator

Fig.2.4 Proposed STBC-OFDM system with STBC interference canceller

Xk
Xs

The CCl and ICI modeling algorithm will be proposed in Chapter 3, and the proposed STBC

OFDM system with STBC interference canceller is illustrated in Fig.2.4.



Chapter 3 STBC OFDM Interference
Cancellation Algorithm

In Chapter 2 we derived the interference noise components of STBC-OFDM under
time-variant channels, and a decoding flow was proposed to reduce the impact of interference
noise during simple Alamouti decoding. In this Chapter, we propose an algorithm to model CClI
and ICI components jointly, and then cancel these noises from received signals to provide a
cleaner input for STBC decoding. We will start with an overview of the specification of our
STBC-OFDM system, and introduce a robust two-stage channel estimator that has been
proposed in [3] to provide an accurate channel frequency response. Then we propose the
modeling algorithms for CCI and ICI respectively. Finally, the channel estimator and the
proposed interference canceller will be integrated together, and some simulation results will

show the improved system performance.

3.1 802.16e STBC OFDM System Specification

3.1.1 Frame Structure

In the licensed band, IEEE802.16e system can support time-division duplexing (TDD) or
frequency division duplexing (FDD). The other license-exempt bands, only TDD should be
used. Fig. 3.1 shows a frequently referred model of TDD mode frame structure. The frame
structure includes the following elements. The first transmitted symbol of a frame is the
preamble symbol which its elements are known at the receiver. Preamble is used for cell search,
synchronization, and channel estimation. Following the preamble, the frame control header
(FCH) with fixed size is transmitted for resource allocation such as subcarrier used, length of
DL-MAP and DL_Frame_prefix, The quadrature phase shift keying (QPSK) modulation with
code rate 1/2 and four repetitions is used for FCH transmission. DL_MAP and UL_MAP
following FCH message for resource allocation of the various users in DL and UL data bursts.

Transmit transition gap (TTG) is used to give base station (BS) and subscriber station (SS)
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enough time to change from down link mode to up link mode.

OFDMA symbol number

|k Rl A3 BRSO BT O B9 eI B3 EHLS 17 | k200 £+23 | k26 k+29
- . Ranging subchannel
E+1_J
E+2 _] i"‘ : u
] 5 DL burst ;__23 UL bur'st #1
] _ EE
] § [ UL burst #2
:E . A E“r : DL burst #4
= 18 |=& = 'E o
=2 — - -
n| 48 |3 UL burst £3 B
= | EE. Y DL burst #5 S
s | O A - A
j% E DL burst #2 DL burst #6 UL burst #4
- UL burst #5
E+L ]
' - -
- DL ™ UL TG

Fig. 3.1 An OFDM frame structure in TDD mode

For supporting various physical channel conditions, IEEE 802.16e defines two modes of
sub-channel building method: the distributed subcarrier permutation mode, including partial
usage of sub-channels (PUSC) and full usage of sub-channels (FUSC) types, and the adjacent
subcarrier permutation mode, including adaptive modulation and coding (AMC) type.

In this thesis, PUSC mode is mainly supported and more details of the subcarrier allocation

scheme were described in Section 3.3 of [3].

3.1.2 Preamble Format

The preamble symbol consists of a specific pattern known to the receiver and occupies the
duration of an OFDM symbol time. It is used for frame detection, synchronization and initial

channel estimation. IEEE 802.16e standard provides three types of carrier set for different
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segments in preamble symbol which can be expressed as

PreambleCarrierSet, =s+3-k (3.1)

where s €{0,1,2}is the index of the subcarrier set, and k denotes a running subcarrier index.

These subcarriers in the preamble symbol are modulated by binary phase shift keying (BPSK)
with a specific Pseudo-Noise (PN) code. The PN series modulating the pilots in preamble can
be found in [1]. Each segment in a zone uses one type of preamble carrier set. For different FFT
size, there are total 114 PN series to be chosen by the ID cell parameter and the segment index.
The guard band subcarriers are contained both on the left and right side of the spectrum. The

DC subcarrier is always be zeroed even if the type of carry set is 0. The power of the preamble

subcarrier is boosted by a factor, 22, to_increase the reliability of preamble. The pilot

subcarrier p, in the preamble symbol are modulated as

Re{pk}=4\/§-(%—wkj, Im{p,}=0 (3.2)

where w, denotesthe PN series, and Re{-} and Im{-} stands for the real and imaginary part

of {¢}.

3.1.3 Pilot Modulation

The OFDM symbol structure is constructed using pilots, data, and null subcarriers. The
symbol is first divided into basic clusters and null carriers are allocated. In down link PUSC
mode, pilots and data carriers are allocated within each cluster as shown in Fig. 3.2. For the
proposed system with two transmit antennas, when the pilot subcarrier is transmitted from one
antenna, the other antenna will not transmit a pilot in the same subcarrier to avoid inter-antenna

interference. The pilot location schemes periodically change every four OFDM symbols.
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OO0 O0O0O000000000 @0  symplke?
OO 00 @0 00000000  symbolki
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Time

Subcarrier
O Data subcarrier

. Pilot subcarrier from antenna 0

Q Pilot subcarrier from antenna 1

Fig.3.2 Pilot cluster structure

Each pilot is boosted 2.5dB over the average non-boosted power of each data subcarriers.
The value of the pilot modulation on subcarrier k shall be derived from a pseudo-random

sequence z, . The pilot subcarriers p, are modulated as

Re{pk}:%(%—zk), Im{p,}=0 (3.3)

3.1.4 Differences Between 802.16e and 802.16m

IEEE 802.16m [2] provides continuity to the first released of Mobile WiIMAX (802.16e)
and offer evolution path to existing WiMAX operators and win new operators targeting the
deployments from 2012. It improves system performance, enables more flexible radio network
architecture, and is fully backward compatible with 802.16e. The main differences between
802.16m and 802.16e are summarized in Table 3.1.
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Table 3.1 802.16e and 802.16m comparison

Feature

IEEE 802.16e

IEEE802.16m

Duplexing Modes

TDD

TDD, FDD

Channel Bandwidths

5,3.5,7,8.75,10 MHz

5, 10, 20, 40 MHz

Peak Data Rate

DL: 64 Mbps@ 10MHz

UL: 28 Mbps@ 10MHz

DL: >300 Mbps@ 20MHz

UL: >135 Mbps@ 20MHz

Mobility

Up to 120 km/hr

Up to 350 km/hr

MIMO Configuration

DL: 2x2

UL: 1x2

DL: 2x2, 2x4, 4x2, 4x4

UL: 1x2, 1x4, 2x2, 2x4

Average Sector Throughput

TDD (DL:UL=2:1)

DL: 25Mbps

UL: 6Mbps @ 10MHz

DL: > 35 Mbps

UL:>8.7 Mbps @20MHz

Latency

Link-Layer Access: 20ms

Handoff : 35-50ms

Link-Layer Access: <10ms

Handoff ; <30ms

Coverage

1, 5,30 km

1,5, 30 km (optimal at 5km)

Number of WoIP Active

Users

3.1.5 Major Parameters and Design Targets

~ 25 users/sector/MHz

> 60 users/sector/MHz

The IEEE 802.16e specification for multi antenna technique is adopted in the proposed

STBC-OFDM system, and the major parameters are summarized in Table 3.2.
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Table 3.2 Major parameters of proposed STBC-OFDM system

Parameters Deriving formulas Values

FFT size (N) 1024

Symbol Length (Ns) 1152

Cyclic Prefix Length (Ng) 128

System channel bandwidth (BW) 10 MHz

Sampling frequency (Fs) 11.2 MHz

Subcarrier spacing (Af) F/ N 10.94 kHz

Useful symbol time (Ty) AT 91.4 us

Guard time (Ty) (Ng /Ns)- Ty 11.4 us

OFDMA symbol duration (Ts) TptTy 102.8 us

Frame duration (T) 5ms

PUSC | Number of null subcarriers (Ny) 184

Number of clusters (Ny) (Nerr-Np)/14 60

Number of pilot subcarriers (Np) Nyx2

Number of data subcarriers (Ng) Nyx12

Design Target

Modulation Mode 16QAM

Uncoded Data Rate 27.32 Mbps

\ehicle Speed Up to 360 km/h

Normalized Maximum Doppler Frequency ( f,/Af ) 0.075

Improve BER performance with acceptable computational complexity.
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The system occupies a bandwidth of 10 MHz and operates in 2.5GHz frequency band. The
sampling frequency is 11.2 MHz. FFT size (N) is set to 1024. Each OFDM symbol is composed
of 1024 subcarriers, among which 720 and 120 subcarriers are data and pilots. The remaining
184 subcarriers are used either as a DC subcarrier or virtual subcarriers. In 802.16e, the
modulation scheme of QPSK, 16QAM, and 64-QAM are supported for data subcarriers, while
only QPSK is adopted for pilot subcarriers and preamble symbol. The length of cyclic prefix
(CP) is 128 sampling periods, equivalent to 1/8 of the useful symbol interval (Ty).

Fig. 3.3 depicts the frame format which starts with one preamble and is followed by 40
successive OFDM data symbols. A time slot is equivalent to the time duration of two OFDM
symbols.

P bl 1st 2nd 39th 40th
reambie Symbol Symbol | **% | Symbol Symbol
- > - >
1st Time Slot 20th Time Slot

Fig. 3.3 Frame format

Originally, the proposed STBC-OFDM system and channel estimator design [3] is
optimized for vehicle speed 120 km/h. In this thesis, we propose an STBC interference
canceller to improve system performance and enable vehicle speed up to 360 km/h. The
coherence time at this speed is T, =0.423/ f, =0.75 ms, which is about 7.4 times of an OFDM

symbol period and is smaller than one frame. Theoretically, the channel should be treated as
quasi-static. Under the assumption that the channel variation inside one time slot is
insignificant, one should intuitively think of ICI as the major interference noise that hampers

the accuracy of STBC decoding.

However, it has been shown that even if ICI is perfectly cancelled and the coherence time
is as long as 13.3 times of an OFDM symbol, the system performance would be severely

corrupted by CCI noise alone [6]. Furthermore, it has been demonstrated that CCI power is
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larger than ICI power about 7~8 dB regardless of the channel variation rate [7]. Therefore,
with the aid of proposed STBC interference canceller, a significant improve of system
performance can be expected, and the design targets are listed in the bottom rows of Table. 3.1.

3.2 Overview of DFT-based Channel Tracking

Estimation

STBC-OFDM exploits transmission diversity to provide system performance
improvement. However, for STBC decoding and our proposed STBC interference canceller,
accurate channel state information (CSI) is essential. It is very difficult to obtain in mobile
wireless channels. Therefore, high quality channel estimator with acceptable hardware
complexity would be an advantage for our proposed STBC interference canceller. An
DFT-based two stage channel estimator has been proposed in [3] to serve our purpose, and we

will introduce its principle and architecture in this section.

3.2.1 Two-Stage Channel Tracking Estimation Method

Various DFT-based channel estimation method has been studied using either minimum
mean square error (MMSE) criterion or maximum-likelihood (ML) criterion have been studied
for OFDM system with preambles [10, 11]. Since CSI and signal to noise ratio (SNR) are
unavailable at receiver in real implementation, the ML scheme is easier to implement than
MMSE scheme. Moreover, the decision-feedback (DF) scheme can be adopted in DFT-based
channel estimation to use decision data as pilot to track channel variations for providing
sufficient tracking information. Recently, Ku and Huang [12] presented a two-stage DF
DFT-based method to apply in STBC-OFDM systems under fast time-varying multipath
channels. They concluded that a refined two-stage channel estimator is more robust than

classical DFT-based method.

An initialization stage uses a multipath interference cancellation (MPIC)-based
decorrelation method to identify the significant paths of channel impulse response (CIR) in the
beginning of each frame. However, the CIR estimated by the preamble cannot be directly

applied in the following data bursts since the channel is time-variant. Thus a tracking stage is
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then used to track the path gains with known CIR positions. The details are described as

follows.

(A) Initialization Stage

First, two parameters N, and W, are defined as a presumptive path number of a channel

and an observation window set, respectively. Second, the cyclic cross-correlation Cg, 7]
between the received and transmit preambles as well as the normalized cyclic auto-correlation
C.» [7] of the transmitted preambles are calculated. The index | and & which stand for a path

computing variable and the number of legal paths found by the MPIC-based decorrelation are

initialized to zero. Third, the process is found by picking only path whose time delay z, yields
the largest value in Cg, [7], for 7, € W, If the path delay 7, is larger than the length of CP,
this path is treated as an illegal path and discarded by setting C, [rl ] =0. Otherwiseg, this path is
recorded as the « -th legal path'with a time delay z_ =¢; and a averaged complex path gain

1 =Cpq [r,]. Note that z is an estimation of the actual averaged complex path gain hi in

(2.11).

Then, the interference associated with this legal path is canceled from Cg,[7] to obtain a

refined cross-correlation function

Cee [7]=Cre[7]— 1.Cop DT—TKH, reW, \{7,-+, 74} (3.4)

Meanwhile, « is increased by one. The value of | is also increased by one at the end of each

iteration, and the iterative process is continued until | reaches the presumed value of N, .

(B) Tracking Stage

After initialization stage, we can obtain the information of the path number «, the
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multipath delays 7", the averaged multipath complex gains z®, for | e {0,---,zc(” —1}, and

the corresponding CFRs, where i is corresponding to the i-th transmit antenna. Under the
assumption that the multipath delays do not change over the duration of a frame, the DF
DFT-based channel estimation method in ts-th time slot can be equivalently expressed in
Newton’s method as [13]

_ B 1 Xey Xsw " Rts[l,k]}
5. [K]= M, ,[K] (\xpﬁ\xsf){—x?v XJ {Rts[z,k] 3.5)

0 _p@) A®)
qts,v - FIDFTAts,v

. im0 (3.6)
Fn[mll=e ' ;vme{01-- N-1},1€{01- L-1}

i i i DN
Mt(s,)v =M§s,)v—1 - I:IgIZT I:E( ):I qt(s),v (37)

ts,v

The vector a}syv[k]:{A(” [k]:i =:L2} calculates the difference between the previous

estimated CFR vector M —{M“)

ts,y-1 ts,v—1

W al 2} and the least-square (LS) estimated CFR of

the ts-th time slot, where the subscript v stands for the iteration index. The inverse DFT
0 (i)

(IDFT) matrix FSY, multiplying by Ag, "in"(3.6) is to form the gradient vector gy, in
Newton’s method. In addition, the weighting matrix [E(i)]_l in (3.7) is in fact the inverse of the

Hessian matrix in Newton’s method. The (1I,1")-th entry of E® is given by

EO[I,1= ZCOS[ZHK(T{\I: T'('I))J+ stin[znk(Tf\l: T'(I))J (3.8)

ke® ke®

where O is a subset of data subcarrier indices.

In this channel estimation method, pilot symbols as well as data symbols are
simultaneously adopted to perform tracking iterations. From the view point of optimization,

since pilots inserted in each OFDM symbol are more reliable than the decided data symbols,
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they should play a dominant role in providing a global direction search at the first tracking

iteration. Thus, the first iteration of the channel tracking is modified as

MO, =M —p-F.q? (3.9)

where the gradient vector q® is calculated according to (3.5)-(3.6) by using the pilot

subcarrier set J instead of the set @, and the value ¢ is an experimental constant of step

size to provide the best performance.

3.2.2 Channel Estimator Architecture

Based on the two stage DFT based algorithm. studied in [12], an low complexity and
accurate implementation was proposed by [3]. The overall block diagram of this proposed
channel estimator is shown in Fig.3.4. The initialization stage is decomposed to a preamble
match, an IFFT, a straight MPIC (SMPIC)-based decorrelator, and an FFT. The tracking stage is
decomposed to a STBC decoder, a demapper, an LS estimator, an IFFT, a path decorrelator, a
Hessian matrix calculator, and an IFFT. Moreover, the IFFET and FFT are shared between the

initialization stage and the tracking stage.
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Fig. 3.4 Overall block diagram of the implemented channel estimator
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3.3 Co-carrier Interference modeling

CCI noise component in STBC-OFDM system was defined by (2.20). It results from
channel variation between two symbol intervals inside one time slot. Various studies has
demonstrated that CCI is the major impact on STBC-OFDM system [6-9], so CCI problem

shall be solved first than ICI problem in our proposed algorithm.

To calculate CCI noise, we need to know the frequency domain channel matrix of two

OFDM symbol intervals between two transmit antennas and receive antenna, i.e.,

H®

Wolk,k], be{1,2},ie{1,2},k {0,1,---,N —1}. Nevertheless, most channel estimator design
for STBC-OFDM system are aimed at estimating the averaged CFR over two symbol intervals
inside one time slot, not the CFR of each symbol interval. The goal of this thesis is to provide an
efficient solution for any existing STBC-OFDM systems suffering interference, so we propose
an algorithm using only the existing time slot CER estimation results to approximate the CFR of

the two symbol intervals inside the time slot.

channel tracking

continuous
complex
path gain

[
M, U, [k K] |
| M, .
I | time

—|—|ﬁ

| Znd symbol interval | st svmbol interval | 2nd symbol interval |
previous time slot | current time slot !

1U_ [k k]
e

Fig.3.5 Relationship between CFR estimations in time domain

Fig.3.5 demonstrates the relationship between CFR tracking estimations in time domain,

where M. denotes the estimated CFR of the v -th tracking iteration in current time slot,

ts,v
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M, , denotes the final CFR estimation of previous time slot, and D, =M, ;,—M

ts,v ts,v *

Ualk, K], Uy [k, k] represents our approximated CFR of the 1% and 2" symbol interval
respectively, and k e{O,l,---, N —1} . We should note that no matter what method is used to

obtain U, [k k] and Uy, [k, K], the following constraint shall hold

~(Usalk K1+ Uy, KD) = M, (3.10)

A low cost solution for U, [k, K] is to interpolate the already existed information, M, and

ts,v
M., , . But the estimation of CFR in the 2" symbol interval, Uy »[K, K], is not-causal for real

implementation, a predictive approach is needed.

In the study of [14], three types of predictive madel are proposed for time varying channel
using only previous information from estimator. First one, the zeroth order predictive model

assume the variation between Uy ,[k,Kk] and M, can be ignored, and simply set them equal,

U o[k, k] = M‘SvV. The second one is the 1st order predictive model; it assumes the variation of

CFRs separated by the same time interval are the same. In other word, Uss o[k k]

M

iIs linearly

extrapolated from M. and
Uss o[k, K]

-1 The last one is the 2rd order predictive model; it

extrapolates using 2nd order fitting, and requires the CFR estimation of the

previous two time slots. They concluded that the 1st order predictive model outperforms the
other two under time varying channel. Moreover, only by applying the 1st order predictive

Uss o[k K] Ussalk, K]

model on , We can interpolate independently without violating the

constraint in (3.10). As a result, our proposed approximation is given by

U1k k] = % M, +=M,_, , (linear interpolation)

: (3.11)

Uy o[k, K] = " M, —=M,_, (linear extrapolation)

NG
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3.4 Inter-carrier Interference modeling

In time variant channel, both CCI and ICI appears in STBC-OFDM systems, and CClI
component has been proved to be more significant than ICI component. As a result, proposed
schemes for STBC interference cancellation target only on CCI and simply ignore ICI
problem[6-9]. In this section, we will propose a low complexity algorithm to model ICI by
exploiting the information used for CCI modeling in section 3.3. In this way, CCI and ICI noise
can be cancelled simultaneously with little overhead. The variant ICI noise vy, is comparably

smaller than B, , and it’s very difficult to obtain an accurate estimation from existing time slot

CFR. So we ignore this component and focus on modeling the averaged ICI noise.

3.4.1 Polynomial Modeling of Channel Variation

The averaged frequency domain matrix ﬁg) IS defined in (2.11) and (2.18). It requires
temporal variation complex gain-inside each useful symbol interval but the channel estimator
provides only the temporal averaged CSI. As a result, we adopt a LS fitted polynomial method
[15-20] to model the detail of the | -th complex path gains between the i-th transmit antennas

and receive antenna, as follows:

a'[a)= X K0T, d16° + 5] (3.12)

where 4" [q] is the modeled complex path gain at time sample g, «®[l,d] is the d -th
order complex polynomial coefficient, d e{O,l,-~~, N, —1}, and (N, —1) denotes the order of
the LS fitting polynomial. It requires N_ observations to solve this (N, —1) -th order LS fitting

problem, so we consider the estimated CFR of the latest N_ time slots and group them as a

observation block for each ICI modeling computation. As illustrated in Fig.3.6, every time

slot inside an observation block is distinguished by an index, n, where n= N_—1stands for the

current time slot while n=0represents the oldest.
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— | - I
One Observation Block

Fig.3.6 The diagram of an observation block

Then, combine (3.12) with the frequency domain channel matrix (2.11), we have

Ut [k, m] = Zu§;>b[k m]

- i d\ jer™Kq | —j2m0
(K(')[I,d]-(Ng+(2(NC—1)+b)NS+q) )e N }e NI}
QU[m,d]- ¥, 4Tk, m] , ¥k,m e {012+, N -1}

(3.13)

where U, denotes the estimated channel matrix HY, , Uy denotes the estimator of Hi ,

and the two parts decomposed from Ug) can be given by
, Lo PP S .
Q"[m,d] = ZK‘”[I,d}e N =ZFS%T[m,I]-K<”[I,d]

A 1 N-1 1 jZﬁ%q
¥, [k, m]_NZ{( 0(N +(2n+b)N, +q) ] }

q=0

(3.14)

Q(i)[m, d] defines the new polynomial coefficient in frequency domain, and ¥, ,[k,m] is

a fixed value that can be precomputed.

If we define the following identity
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e =
0, otherwise

N-1 jzan"kq {1,ifk:m

N e

OfkmEy T e (3.15)
q-e N, otherwise

(N-DE@N-D) o0 o

—q )
-e N otherwise

, then ¥ [k,m] can be simplified as

\Pn,o[ka m] = @[k, m]

]+(22+NS)
2

an,l[k1m] =®,[k,m Dok, m]

22° +2z2-N_+ N

Y, [k, m]=@,[k,m]+(2z + Ng) - ®,[k, m] + @, [k, m]
z= Ny +2n-N;
(3.16)
On the other hand, if we define
1 (2s+1)-N,-1 (25+2)-N,-1
T[r,s] 2 — > g+ > q”; vrse{01-, N -1} (3.17)
q=(2s)-N;+N, q=(2s+1)-N,+N,

, We can obtain the frequency domain polynomial coefficients from CFR estimations inside

observation block through the following matrix multiplication:

Q(i) —_p®.T-1
o[ MO, e ML ]

ts,v

(3.18)
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where P®stands for an N -by- N, matrix formed by using the estimated CFRs as its column

vectors.

3.4.2 Simplified Frequency Domain Channel Matrix

Equation (3.13) can be reformulated into matrix form as

=) o

w 2 Nj_‘:loliag{Q‘i)[:,ol]}-\pmd (3.19)

where diag{V} denotes a diagonal matrix with vector V on its main diagonal, Q“[:,d]
stands for the d — th column vector of Q®. According to (3.19), our estimated frequency
channel matrix is composed of constant matrix ‘¥, , which models the shape of Doppler
spread and the variable part diag {Q(”[:, d]} which is linearly transformed from the observed

CFRs. We can further simplify our estimator by defining the following linear transformation

matrices E, given by

1 0 0
71 ZC“;NS 1 0| :ifN =3
E= 2¢% +2¢-N_ +N?
_ . 204N, 1 (3.20)
10
T 2N, N, =2
2

In this way;, all linear operations can be precomputed outside of the diagonal matrix, which

gives
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For N, =2:
U’ =diag {M?, }-(E[0,0]- @, + E[0,1]- @, )+ diag {MY, }-(E[1,0]- @, + E[L1]- ®,)
For N_C(i):3: | | (3.21)
Us =diag {M?,}-(E[0,0]-®, +E[0,1]- @, + E[0,2]- ®,)
+diag (M, |- (E[1,0]- @, +E[11]- ®, + E[1,2]- @,
+diag (M, }-(E[2,0]- @, + E[2,1]- @, + E[2,2]- ®, )

By observing (3.20), we can realize the following identities

ForN, =2:
E[0, 0]+ E[1,0]=0

ForN, =3:
E[0,0]+E[1,0]+E[2,0]=0
E[0,1]+ E[L1]+ E[2,1] =0

(3.22)

, thereby final expression of averaged frequency channel matrix estimation is given by

ForN, =2:
a@[k,m]:{

(M2,[K1-MQ,[K])-Gy[k,m] ; if k=m
MO

ts,v
. [E[0,1]-®,[k,m] ; ifk=m
G°[k’m]:{o e Cifk=m

[k] yifk=m

ForN, =3: (3:23)
U(i)[k ]_ (Mt(;)fz[k]_Mt(;)fl[k])'Gfl[k'm]+(Mg)71[k]_Mt(si,)v[k])'Go[k’m] ; ifk=m
SETTIMO 1 Cif k=m

ts,v
A | E[0,1]-®, [k,m|+E[0,2]-®, [k,m| ;ifk=m
Gl[k’m]:{o e e Jifk=m

G, [k,m]2 {(;E[Z’l]'d%[k, m]-E[2,2]- @, [k, m] ;; I|:‘kkinn1~|
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3.4.3 Pilot ICI Component

The modulation of pilot symbols was described in Section 3.1.3. Pilots do not go through

STBC encoding before transmission, and the received pilot signals are given by

Ny 2K d,0 [+HE K, I 0
CtS[k]zzz: tl': 2g 1] tl[ 29] \ " * P[g] (3.24)
g=0 0 {Hts,zlik!J29}+Ht3,2[k"]29+1j|}

where P[g] denotes the pilot symbol of cluster g, Jz{Jo,Jl,---,Jer} represents the pilot

subcarrier index set, and N, denotes the number of elements inside pilot index set J. As in

the assumption of data ICI estimation, we assume the variant part of pilot ICI is trivial enough

to be ignored, and our pilot ICI estimator is given by

Nl Pl Us [k, Jag [+ U [k, 3,
G [K]= 2. { : ] —@) [ }} ’
2 a1, B )

(3.25)
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3.5 Joined Interference Cancellation Algorithm

According to the approximation models derived in Section 3.4, we can derive estimator for

each STBC interference noise defined in (2.19). First, the estimation of CCI noise is given by

(uf?l[k k]- ngv[k]) (uf?l[k k]- M<2>[k])

ous [K] 2 ., ) L [ XP[K]
(u52 - M@ [k ) (uf% [k.k]- Mg)V[k])
D(sl)v[k]xw k]+Dg, [k1X{?)
-3 (2; (ﬂ)[ e ® [u]) (3.26)
(Dtsv[k]) XF,V[ ] (Dtsv[k]) XS,V [k]
DY, =M, -M{),

where A denotes the decode iteration index defined in Section 2.4, v denotes the channel

tracking iteration index defined in Section 3.2. Second, the estimation of averaged ICI noise is
given by

D1 a Ut(i)[k,m] UI(SZ)[k,m]
G (v R )

me®\k

« | X [m] (3.27)

: W rq .
In the special case of N, =2, we can reformulate B, [k] into a format very similar to

(3.26):

(D, [m] X [m]+D&, [m] X2 [m])-G, [k,m]

08 [m) X2 ] (0, [} X2l (@ufem) | O

me®\k

Bf:i[ k] = Zm: ((

Also, it can be observed that G, [k, m] depends only on the value |k — m|, if we define
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G, [k,m] ;if k=m
So[[k-m|]=4025 ;ifk=m, b=1 (3.29)
~0.25 ;ifk=m, b=2

then (3.26) and (3.28) can be combined together as

O K+ (K= T (D, [m]x£) [m]+DE, [m] ¢ [m])-S, [ [k ~ml] (3.30)
P EP A (00 ml) X2 (02 ) x5, [h-m]) |

where Sb[O] models CCI component, and the rest modes the ICI components. We use the

result in [4] that when ICI is due to only a few nearest neighboring subcarriers (2W) when the

normalized maximum Doppler frequency is small (less than 0.1), and (3.30) becomes

o[ (DR XD X )5, ]
oo P10 20 (o, ) XG0 - (B8 () 2 ] )
m:(k+W)Ne®

(3.31)

where ( . )N denotes modulo-N operation. Similarly, ﬁts can be reformulated as follows:
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(o _{DESL [(k+e), ]-P H(k S/ H s, [|c|]} .

0<g<—2
957

where the first and second summation part represents pilot ICI noise from the subcarriers

belong to the even and odd pilot index set, respectively.

Finally, by choosing 1% order LS fitting model, the interference noise can be estimated

simultaneously using only the latest CER variation and a set of fixed constant gain S, . In this

way, our proposed algorithm helps'save a lot of computational complexity as well as keeps the

storage size need for observation block as small as possible.
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3.6 Simulation Results

3.6.1 Proposed Algorithm with Perfect Channel Estimation

The following simulations uses perfectly estimated CFR at the receiver, and the STBC
decoding flow is defined in Section 2.4. The multipath channel adopt the ITU Veh-A channel
model with relative path power profiles of 0, -1, -9, -10, -15, and -20 (dB), and the path excess
delays are uniformly distributed from 0 to 50 sampling periods. Jakes model is also used to

generate Raleigh fading environment.

Fig.3.7 and Fig.3.8 show the BER performance of the proposed algorithm with different
decoding iterations for QPSK and 16QAM modulations at the vehicle speed of 240 km/hr and

360 km/hr. In order to focus on the effect of STBC interference, we set E, /N, =30 to ignore

AWGN without losing generality. ICI from ten nearest subcarriers (W=5) are considered. The

maximum Doppler f, is 555.6 Hz and the normalized Doppler is 0.05 for vehicle speed 240
km/hr, similarly f, =833.4Hzand f,/Af =0.075 for vehicle speed 360 km/hr. Note that in

the case decoding iteration number equals zero, we don’t apply interference cancellation and
the result is pure Alamouti simple decoding with perfect channel estimation. The results of
perfect channel estimation with perfect ICI model, denoted as “Perfect CSI % Proposed
Algorithm (Perfect ICI model)”, uses (2.11) and is included for benchmarking. As shown in
Fig.3.7, our proposed algorithm provides two times improvement for vehicle speed 360 km/hr
and one order BER drop for vehicle speed 240 km/hr. The improvements get into saturate at the
second decoding iteration. The third order ICI model refers the CFR from previous two time
slots, which are unreliable to estimate present channel variation in time-varying environment.
Therefore, the third order ICI model doesn’t outperform the second model for vehicle speed
240 km/hr and is even worse than second order ICI model for higher speed. The distinct
performance gap between perfect ICI model and proposed ICI model is caused by modeling
error during simplification. Fig.3.8 presents the case of QPSK modulation. The improvement is
less significant than 16QAM modulation, but the three kinds of model have very similar
performance. This is because the QPSK modulation itself is robust enough to withstand STBC

interference noise; the performances reach the limitation for simple Alamouti decoding
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Fig.3.7 BER performances versus decoding iteration number for 16QAM at vehicle speed 360
km/h and 240 km/hr
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Fig.3.8 BER performances versus decoding iteration number for QPSK at vehicle speed 360

km/h and-240 km/hr

Fig.3.9 and Fig.3.10 shows the BER performance of the proposed algorithm with different

range of nearest ICI subcarriers. The variable W of x-axis denotes the range of nearest

subcarriers that induce ICI noise, for example, W=5 represents the nearest ten subcarriers are

considered. In the case of W=0, all ICI noises are ignored and only CCI cancellation is applied.

From the simulation results, we can conclude that ICI effect at QPSK is very small.
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Fig.3.9 BER performances versus decoding iteration number for 16QAM at vehicle speed 360
km/h and 240 km/hr
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Fig.3.10 BER performances versus decoding iteration number for QPSK at vehicle speed 360
km/h and 240 km/hr

43



3.6.2 Proposed Decoding Scheme With Two-Stage Channel
Estimator

By observing the simulations presented in Section3.6.1, we realize that the improvement
of proposed algorithm becomes insignificant after the second decoding iteration. The
improvement achieved by ICI cancellation saturates when W > 2, so we consider only the ICI
caused by the four nearest four nearest subcarriers. Our proposed STBC-OFDM decoding
scheme are presented in Fig.3.11 and Fig.3.12, where i and j stand for the iteration index of

channel tracking and STBC decoding, respectively.

The software decoding scheme proposed in Fig.3.11 provides the best performance of
our interference cancellation algorithm. Note that ICI cancellation is performed only at the
last channel tracking update while CCI cancellation is performed since the second tracking

iteration.

For hardware implementation, our clock cycle budget is very limited in the existed
channel estimator hardware. The presented two-stage channel estimator was originally
designed to employ four tracking iterations in the tracking stage, but it was simulated that the
two-stage channel estimator has very similar performance between the 3™ and 4™ tracking
iteration. Therefore, we save one channel “tracking iteration and perform interference
cancellations only at the last channel tracking update. Our proposed hardware version STBC

decoding is described in Fig.3.12.
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Fig.3.11 Proposed decoding scheme for software simulations (software version)
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Fig.3.12 Proposed decoding scheme for hardware implementation (hardware version)

The performances of the proposed STBC interference canceller are demonstrated through
the simulation of an STBC-OFDM system illustrated with the two stage DFT-based channel
estimator introduced in Section 3.2. The following simulations uses perfect CSI at the receiver,
and the STBC decoding flow is defined in Section 2.4. The multipath channel adopt the ITU
Veh-A channel model with relative path power profiles of 0, -1, -9, -10, -15, and -20 (dB), and
the path excess delays are uniformly distributed from 0 to 50 sampling periods. Jakes model is
also used to generate Raleigh fading environment. Fig.3.13 — Fig.3.16 shows the BER versus
Eb/No performances of different decoding scheme. The results of perfect channel estimation
and perfect ICI model (W=2) are included as performance lower-bound. And several decoding
schemes using perfect channel estimations are included as benchmarks. The notations of each

decoding schemes are described in Table 3.3.
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Table 3.3 Simulated Decoding Schemes

Scheme Notation Channel Estimation CClI cancellation ICI cancellation

10 perfect

TO
two-stage estimator

(original channel | (4 tracking iterations)
estimator design)

11 perfect perfect

two-stage estimator

(3 tracking iterations) proposed algorithm

perfect perfect

two-stage estimator

(‘hardware scheme) | (3 tracking iterations)
(Fig.3.12) 1% order ICI model

proposed algorithm

T3

two-stage estimator

('software scheme ) | (4 tracking iterations)
(Fig.3.11)

P2

perfect perfect perfect ICI model
(benchmark)

Fig.3.13 shows the performance of 16QAM modulation at vehicle speed 240 km/hr. The
two stage channel estimator provides very accurate CSI which performs almost equal to the
perfect channel estimation, but the bounding floor at high SNR caused by interference noises is

very distinct. With the aid of our proposed decoding scheme, the error floor of two-stage

channel estimator significantly reduces by one order. BER of 2.6x10°can be achieved in

Eb/No of 30dB. CCI cancellation contributes most of the improvement, it reduces BER from
1.5x107 to 3.6x10”°. Then, ICI cancellation helps reduce about 6dB gap in Eb/No as
compared with the perfect ICI model case at BER=4x10". As shown in Fig.3.14, in 16QAM
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modulation and vehicle speed 360 km/hr. BER of 1.2x107 can be achieved in Eb/No of 30dB.

Our proposed decoding scheme reduces the BER floor of two-stage channel estimator from
3.1x107 to 1.2x107. And the gap between the case of perfect ICI model and proposed
scheme with channel estimator is about 3dB in Eb/No at BER=2x107. As shown in Fig.3.15,
in QPSK modulation and vehicle speed 240 km/hr. BER of 2.5x10™ can be achieved in Eb/No

of 30dB. Our proposed decoding scheme reduces the BER floor of two-stage channel estimator
from 5.7x10™* to 2.5x10™. And the gap between the case of perfect ICI model and proposed
scheme with channel estimator is about 1.5dB in Eb/No at BER=5x10"*. As shown in Fig.3.16,

in QPSK modulation and vehicle speed 360 km/hr. BER of 1.2x10™ can bhille achieved in
Eb/No of 30dB. Our proposed decoding scheme reduces the BER floor of two-stage channel

estimator from 2.3x10° to 1.2x107°, the gap between the case of perfect ICI model and

proposed scheme with channel estimator.is about 1:5dB in Eb/No at BER=2x10".

We should note that the error floor of perfect ICI model case at high SNR results from two
reasons: the limitation of simple Alamouti decoding method and the ignored ICI noise from
subcarriers outside of the range.W. The limitation of Alamouti decoding method is the main
reason, and several STBC data detection methods have been.compared in [6].
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Fig.3.13 BER performance versus Eb/No for 16QAM at vehicle speed 240 km/hr
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Fig.3.14 BER performance versus Eb/No for 16QAM at vehicle speed 360 km/hr
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Fig.3.15 BER performance versus Eb/No for QPSK at vehicle speed 240 km/hr
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Fig.3.16 BER performance versus Eb/No for QPSK at vehicle speed 360 km/hr
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3.7 Summary

In this chapter, an STBC interference canceller and a new decoding scheme for
STBC-OFDM system are proposed to improve the previously studied two-stage channel
estimator. The low complexity interference canceller exploits the existed symbol decisions and
CFR estimations to cancel the interference noises introduced by Alamouti decoding method
under time-varying multipath environment. As compared with the original channel estimator
design, the improvement is very significant in high-QAM and high-vehicle speed condition. It
can observed that 4 and 2.2 times improvement is achieved in BER for 16QAM modulation at
vehicle speed of 240 and 360 km/hr, respectively. Moreover, the proposed STBC interference
canceller provides an efficient solution for any conventional channel estimator designed for
STBC-OFDM systems with very little overhead.
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Chapter 4 Architecture Design and Circuit

Implementation

According to our analysis and simulation, we proposed a STBC interference canceller
architecture for 802.16e and 802.16m. To reduce the complexity of computation element, we
adopt canonic sign digit (CSD) transform for those constant multiplications. And we written the
equations to share common terms for those complex variable multiplications. Finally, we will

present synthesis results.

4.1 Design Overview

The proposed STBC interference canceller is designed to have the following features:

® Provision of a low cost solution for improving STBC-OFDM system performance.
® Compatibility to any conventional STBC-OFDM system.

® Using only the existed results from channel estimator and STBC decoder, the increased

hardware overhead is trivial.

The implementation were optimized for cooperating with the two-stage channel estimator

introduced in Section 3.2.2

Fig.4.1 shows the architecture of the proposed STBC interference canceller with the two
stage channel estimator. The main computations of our proposed interference model,
(3.31)-(3.32), are separated into two parts, the STBC re-encoder and the shaping filter. The
STBC re-encoder exploits the channel estimations and decision symbols to estimate the
variation of the interference-free and AWGN-free received signals at one certain transmit
subcarrier between two time slots. Based on the received signal variation of a certain subcarrier,

the shaping filter approximates the CCI noise induced to this subcarrier and the ICI noise spread
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to other subcarriers. Then, the shaping filter accumulats the interference noise of a received
subcarrier from other transmit subcarriers. Finally, the estimated interference is cancelled from
the actual received signal and put the cleaner received signal into the STBC decoder to generate

better decision symbols.

\ Channel Estimation: Initialization
R p bl SMPIC-Based
o _ reamble | Decorrelator
03 Match
‘5 c
$2 |
QW0 7
o xlel & Hessian Matrix st = [ Mff)
E a Calculator = a ;:‘
LS Estimator — A(Vi) R N
— L/
+\/ _ +
XFy Xsu
/ ! Path Decorrelator —>/
(1CE
DSTBC Channel Estimation: Tracking iteration)
ecoder
Demapper :
T Channel Estimator
C . . . ~ .
2 . Decision Symbols X ;
S 31 :
388 Modeled 1 (1 time slot)| !
=1 = _ '
=0 |& ~ Interference | [nterference STBC D /\f % :
£ Shaping Filter Re-en r . :
£ N N ping | e-encoder | o\ i tion 5
. etween Time '
i STBC Interference Canceller Slots :
|5

Fig.4.1 Block diagram of the proposed STB interference canceller with the two stage channel

estimator

Blocks like the memory used to store the latest CFR estimation, the memory holds the
received signals, the pilot read-only memory (ROM), the STBC decoder, and the demapper. are
shared with the existed channel estimator implementation [3]. The proposed architecture is
shown in Fig.4.1, and the signal processing clow is presented in Fig.4.3. The memory labeled
as “Previous CFR Mem.” records the CFR estimations of the last channel tracking stage
iteration before a new initialization stage begins. A dual port data decision memory is a which
enables one read and one write to different entries simultaneously. Shaded blocks in Fig.4.3 are

the overhead of my implementation, while other white blocks can be shared with the existed
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channel estimator hardware.

Since the constellation values are known, we store the demapped binary bit value of
decision symbols instead of their complex value to save memory size. The constellation mapper
read the binary bit value stored in data decision memory or pilot ROM, and convert it into
complex value. Note some common multiplications between (3.31) and (3.32) can be shared, so
we integrate the computation of pilot ICI component into the STBC re-encoder and select the

output according to the status of the f -th subcarrier, where the subcarrier index

fe {{J u@)},O} is chosen to skip guard band.

Assuming that 2w neighboring subcarriers induce significant ICI noise into the central

subcarrier, the shaping filter computes the interference noise to the subcarriers among ( f +w)
-th and (f —W) -th received subcarrier which are caused by the f -th transmitted subcarrier.
After the 2w interference noise sources ahead of the. (f —w)-th received subcarrier are
accumulated, we obtain the total approximated interference noise at the ( f —w)-th received

subcarrier. The calculated interference noise is cancelled from the ( f —W) -th received for an

new symbol decision.

The finite state machine (FSM) and state behavior description are described in Fig.4.2 and

Table3.1, respectively.
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Fig.4.2 State transition diagram of the proposed STBC interference canceller

Table 4.1 State definitions of proposed STBC interference canceller

State Name

State Behavior

Sleep

Disable all memory access and read.

Iterate

Reset status registers and begin a new decoding iteration.

Initial Decision

Current subcarrier is a data subcarrier, read STBC re-encoder input

symbol from decision symbol memory.

Decision Update

Apply the proposed STBC interference cancellation algorithm and

update decision symbols.

All decode iterations are done, output the final decision data sequence.
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Fig.4.3 Architecture of the proposed STBC interference canceller
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4.2 Word Length Optimization

Word length in hardware implementation determines signal precision, because its
truncating operation is equivalent to adding quantization noise into signals. To achieve better
system performance, one would prefer longer word length. But longer word length will increase
hardware complexity, increase combinational logic delay, and consume more power. Therefore,
it is important to reduce word length as much as possible and maintain the acceptable system

performance.

The word length contains integer part and fractional parts. We deter a minimum length of
the integer part to guarantee that the signal does not overflow during computation. As for the
fractional part, we use output SNR at the final decision symbols as a guide of system
performance to determine the word length at the input and output of each function block

defined in Fig.4.1, and the equations are given by

NQAM—l NQAM—l
output SNR:[ vl SNRp-an/( > np]

p=0

SNR. =10l ¢§
p = +Y10Q,, T‘i

(4.1)

where N, is the number of symbols in a constellation, n, is the number of data belong to

the p -th symbol after sliced, and X is the decided data after STBC decoding.

Fig.4.5. shows the curve of the output SNR versus different fractional part word lengths

for the output of the shaping filter output.
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Output SNR Versus Fractional Part Word Length
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Fig.4.4 Output SNR versus different fractional part-word lengths for the shaping filter output

These curves are simulated at vehicle speed of 240 km/h with different E /N, (dB). The

fractional part of word length is decided to be 9 where the output SNR starts getting saturated.

The word lengths of several key signals are summarized in Table 3.2.
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Table 4.2 Word lengths of several key signals in the proposed STBC interference canceller

‘ Word Length \

Signal

Integer Part Fractional Part

Stored Previous CFR 2

CFR Variation Between Two Time Slots

Decision Symbol Input of Re-encoder

Output of Re-encoder

Output of Shaping Filter

Updated Received Signal
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4.3 STBC Re-encoder Block

The STBC re-encoder reconstructs the interference-free and AWGN-free received signals

variation between current and previous time slot at the f -th subcarrier. Both pilot and data

subcarriers are considered, and the outputs are selected according to the subcarrier status of the
input signals. Each of the complex multiplication involved in (3.30)-(3.31) needs four
multiplications and two additions if we realize it directly,

(A+ jB)x(C + jD)=(AC+BD)+ j(BC—AD) (4.2)

However, many schemes that use less number of multiplication has been studied in [21]. They
also claim the follow realization form requires only three multiplications while maintains the

same truncation noise energy as (4.2):

(A+]jB)x(C+ jD)=[(A-B)C+A(C-D)|+j[(A-B)C+B(C+D)] (4.3)

Our proposed design of STBC' re-encoder is shown in Fig.4.5, which contains twelve

multipliers and twenty adders. The shaded twelve adders or subtractors are the overhead of
saving four multipliers, and the shaded multipliers are used to generate the common term
(A-B)C in equation (4.3).
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Fig.4.5 STBC re-encoder circuit design
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4.4 Interference Shaping Filter Block

The interference shaping filter contains constant complex coefficients and a set of
accumulating register. From the simulation results presented in Section 3.6.1 we realize that the
improvement achieved by ICI cancellation saturates when W >2 , that is we should only

consider the ICI from nearest four subcarriers and set W = 2. We approximate Doppler spread

and CCI noise by multiplying the precomputed coefficients S, [|w|] which are described in

(3.29), with the variation of noise-free received signal reconstructed by STBC re-encoder. We
apply CSD coding on the coefficients S, to minimize the number of addition needed. As a
result, the complex multiplications involved inside the interference shaping filter are
implemented using only several adders, as illustrated in Fig.4.6 (a) and (b). The shift registers
accumulate the ICI noises from 2W neighboring subcarriers and the CCI noise from the same
subcarrier. When the input is the reconstructed interference-free received signal of subcarrier

f , the output of interference shaping filter is the total interference noise at received subcarrier

f-2.
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Fig.4.6 Design of shaping filter circuit design of (a) the first transmit antenna branch and (b) the
second transmit antenna branch
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4.5 Simulation Results

The performances of the proposed STBC interference canceller are demonstrated through
the simulation of an STBC-OFDM system with the two stage DFT-based channel estimator
introduced in Section 3.2. The STBC decoding flow is defined in Section 2.4. The multipath
channel adopt the ITU Veh-A channel model with relative path power profiles of 0, -1, -9, -10,
-15, and -20 (dB), and the path excess delays are uniformly distributed from 0 to 50 sampling
periods. Jakes model is also used to generate Raleigh fading environment. Fig.3.12 — Fig.3.15
shows the BER versus Eb/No performances of different decoding scheme under QPSK
modulation or 16QAM modulation at vehicle speed of 360 km/hr or 240 km/hr. The results of
perfect channel estimation and perfect ICI model (W=2) are included as benchmarks, denoted

as “P2”. The maximum Doppler f, is555.6 Hz and the normalized Doppler is 0.05 for vehicle
speed 240 km/hr, similarly f, =833.4Hzand .f,/Af =0.075 for vehicle speed 360 km/hr.

“T2” denotes the floating point performance of propesed decoding scheme. The hardware
version performance of “T2” scheme is simulated with fixed-point word length and denoted as
“F2”. The curves of proposed scheme and the hardware version are very close. The detail of

each “T2” and “ P2” scheme are described in Table 3.3.

As shown in Fig.4.7, in 16QAM modulation and vehicle speed 240 km/hr, the curve of the
hardware version has about 0.5 dB gap in Eb/No as compared with proposed scheme and 1 dB
gap as compared with perfect ICI model case at BER=5x10". As shown in Fig.4.8, in 16QAM
modulation and vehicle speed 360 km/hr, the curve of the hardware version has about 0.7 dB
gap in Eb/No as compared with proposed scheme and 2.5 dB gap as compared with perfect ICI
model case at BER=3x107. As shown in Fig.4.7, in QPSK modulation and vehicle speed 240
km/hr, the curve of the hardware version has about 0.5 dB gap in Eb/No as compared with
proposed scheme and 1 dB gap as compared with perfect ICl model case at BER=107. As
shown in Fig.4.8, in QPSK modulation and vehicle speed 360 km/hr, the curve of the hardware

version has about 0.7 dB gap in Eb/No as compared with proposed scheme and 1 dB gap as

compared with perfect ICI model case at BER=5x107.
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Fig.4.8 BER performance versus Eb/No at vehicle speed 360 km/hr
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We use the improved performance ratios to demonstrated the improvement of proposed

STBC interference canceller, which are given by

Improved Performance Ratio of F2 = BERofTO
BER of F2

Improved Performance Ratio of 12 = BERof 10 (4.4
BER of 12

Improved Performance Ratio of P2 = M
BER of P2

Fig.4.9 shows the improved performance of 16QAM at vehicle speed 240 km/hr. Nearly
5 time improvement can be achieved if perfect channel estimation is applied to our proposed
decoding scheme. Our proposed interference canceller and two-stage channel estimator
implementation provides 3.9 and 2.2 time improvement in Eb/No of 15 and 30 dB,
respectively. Fig.4.10 shows the improved performance of 16QAM at vehicle speed 360
km/hr. 2.8 time improvement can be achieved if perfect channel estimation is applied to our
proposed decoding scheme. Our proposed interference canceller and two-stage channel
estimator implementation provides 2.4 .and 1.9 time improvement in Eb/No of 15 and 30 dB,

respectively.

Fig.4.11 and Fig.4.12 shows the improved performance of QPSK modulation at vehicle
speed of 240 km/hr and 360 km/hr, respectively. The improvements of our proposed
implementation do not exceed 2 times. This is because QPSK modulation has better
resolution and is more robust compared to 16QAM modulation, the effect of STBC
interference noses are not significant. As a result, the modeling error of our proposed
algorithm counteracts the cancelled interference noise and results in limited performance

improvement.
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4.6 Design Results

The proposed STBC interference canceller is implemented in 90 nm 1P9M, 1V CMOS
technology. The synthesis results are listed in Table 4.3. The area is 0.44 mm? and equivalent to
109,299 gates. The OFDM receiver samples received signal at 11.2 MHz , and the STBC
interference canceller operates at 78.4 MHz. The power is equivalent to 1.45 mW from a supply
voltage 1 V.

Table 4.3 Synthesis Result of Proposed STBC Interference Canceller

Technology CMOS 90nm 1P9M, 1V

Sampling Frequency 11.2 MHz

Clock Frequency 78.4 MHz

Gate Counts including SRAM 109,299 gates (0.44 mm?)

SRAM Size 140.93 K bits

Power 1.45 mW

Overhead of Proposed STBC Interference Canceller

Gate Counts including SRAM 42,277 gates (0.083 mm?)

SRAM Size 22.14 K bits

The ratio of combinational and non-combinational area is about 1:4; in other word, the use
of memory in this design occupies about 80% of overall design. Note that the STBC decoder,
the demapper, the received signal memories, and the memories storing the latest CFR

estimations are shared with two-stage channel estimator. The overhead of our proposed
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Interference canceller are the STBC re-encoder, the shaping filter, the dual-port decision
symbol memory, and the single port memories used to store the CFR estimations of previous
time slot. As shown in Fig. 4.13, the STBC re-encoder and shaping filter take 11% of the
Interference canceller, and the overhead memories take 28%. Up to 61% of hardware is shared
with the existed two-stage channel estimator hardware. As implemented in [3], the total gate
count of the two-stage channel estimator excluding the FFT/IFFT module is 859,604. Our
proposed STBC interference canceller takes only 4.9% of the channel estimator.

Proposed STBC Interference Canceller

o ~~
Overhead : AN
Mamory i \\‘
28% : \‘
30,520 gates : Shared \‘
j Memory E
STBC - °0% "
Re-encoder 24,997 gates "
& Shaping Ill
Filter ,',
11% STBC . ,/
11,758 gates Decoder &A ,a/l
Demapper TTm=—mT
11%
12,025 gates

Fig. 4.13 Area proportion of the proposed STBC Interference Canceller
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Chapter 5 Conclusion

In this thesis, first, an STBC interference cancellation algorithm for ICI and CCI is
proposed then, we implement an efficient STBC interference canceller for OFDM receiver in
outdoor mobile channels. The proposed joined ICI and CCI canceller is successfully applied in
an existed IEEE802.16e STBC-OFDM receiver and can easily be adapted into IEEE802.16m

STBC-OFDM receiver, too. Features of the proposed STBC interference canceller are

® development of an low complexity interference cancellation algorithm for any
STBC-OFDM system with two transmit antennas and one receive antenna to improve

system performance;
® implementation of an efficient STBC interference canceller;

® integration of the proposed. STBC interference canceller with a two-stage channel

estimator at about 4.9% overhead cost;

From the system simulation results, we have shown that more than 2 times BER
improvement for 16QAM modulation at the vehicle speed 360 km/hr with Eb/No beyond 15dB.
In 16QAM modulation at the vehicle speed of 240 km/hr with Eb/No over 15dB, BER
decreases from 107 to 10" without using channel coding. The design of the proposed STBC
interference canceller has an equivalent gate count of 109,299 gates, 61% of which can be
shared with the tow-stage channel estimator. The synthesis result dissipates 1.45 mW at 78.4
MHz operating frequency using 1V supply voltage supply and 90 nm CMOS technology. With
verifications through design and simulation results, the proposed STBC interference canceller
can provide an performance-improving solution for STBC-OFDM baseband receivers in

WMAN mobile wireless communication.
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