AN

PR AMAEREE A SOk 2
= 3

W, TR L B R

Joint Frequency, Data and Channel Estimation
for MIMO OFDM Systems



S RBIPRIER Z TAHKZ
SR %, FOFH L8 E B9 & OF & R
Joint Frequency, Data and Channel Estimation

for MIMO OFDM Systems

R OA D aFi Student : Tzu-I Lu

B HERE HLE Advisor : Dr. Yu T. Su

T ITRZEAA LI

2 )

A Thesis Submitted to
Department of Communications Engineering
College of Electrical Engineering and Computer Science
National Chiao Tung University
In Partial Fulfillment of the Requirements
For the Degree of Master of Science
In
Communications Engineering
July 2005

Hsinchu, Taiwan, Repubic of China

FEREMAL+T™F LA



2 RBIEBRERSL T AL
AR, FoF 38 i oY A0 45 )

A BT IEEHIZ BRFE HE
B RiBRLEEIRLLELHE

RS

HARTAIAIRER % T(OFDM) A2 4 F A 4H 98 % ~ B L@ e R80T
ATPE o B #%k 48 % 16 # (Carrier Frequency Offset, CFO)Fr % & 649 48 5513 35 89 3,
% Fa] -F #2 (Inter-Carrier Interference, ICI) 145 1 i@ 38 Ff 5] A2 42 B [a] o b /5 25 Fa]
# (Inter-Symbol Interference, ISI) A a1 B2 X, » B FIH % TR AT £ >
4o 5 K 7] AE M A 5] 4% B (Maximum Likelihood, Sequence Estimation, MLSE) » {& =]
B RMRRATH » K REMESH e MLSE TH #8E R Viterbi 3 5% > &M@
Hey R 2R Koo 58 (F#THE) ddem(Trellis) & - A1k A &8 X 55
;] $114% +t (Iterative Joint Detection and Estimation) 45,5 R & #% ik -

o RIVGHERGE (SISO). & %Ik IUR %3 3 B4R RAE
Srepar sl £ o &I TAR EUER % (Windowing) 89 % 208 4
B PR &N R0k 48 oY B9 5 TR SR AR K AB (trellis state) L B &9 7 & 69 7T 4T M 24
MEARE B R AERE - KPR KA R BELRAZHARBAEORE - &
% RIBEERQ XSS BB EEERED L REMIMO) 4 4 -

HBARBMIAREFEEFOREREAKRLBELHOASE » HAHRK
IEEE802.11n 4% # » Task Group‘n’synchronization ( 2% #§#% TGn Sync) A2 H R
R E IR A AR M TR - TR AL RET 0 £ L SISO &
MIMO 383% > KAV A T BRHAERBLSAB BN LA -



Joint Frequency, Data and Channel Estimation for
MIMO OFDM Systems

Student : Tzu-I Lu Advisor : Yu T. Su

Department of Communications Engineering

National Chiao Tung University

Abstract

We consider the problem of joint carrier frequency offset (CFO)/channel estimation
and data detection for orthogonal frequeniey-division multiplexing (OFDM) systems. An
iterative approach is employed. The iteration procedure consists of an inner CFO/data
estimation loop and an outer CEQ /data-channel estimation loop. We first discuss the
single-input single-output (SISO}, case and then extend to a multiple-input multiple-
output (MIMO) scenario. Drawing ‘an amalogy" between the inter-carrier interference
corrupted frequency domain waveform and the inter-symbol interference limited time
domain waveform, we apply maximum likelihood sequence estimation scheme to detect
the data sequence in the presence of residual CFO. Related algorithms either for reducing
the implementation complexity like the trellis state number or for improving the overall
performance such as receiver time domain windowing and refined channel estimates are
presented. Computer simulation results based on a candidate IEEE 802.11n standard—
the Tgn Sync (Task Group n) proposal-are given to predict the performance of the

proposed algorithms.



J—.}_- By

Y

RATHI R FE T 0 JE W RGH a9 E E AT C AR AT o ALTE
BEFHHEP  ERIEA—FT —FHBFRBXT R - MR BE
FOREEZFRUREBEBERZEHRRZHLETRANGTEY  £HK%
PIEAFEO BB TR S AEEEEZA » S BRIFERS -

I AERERLE > A RAEE 0 WFWALHE - BENFEHER
Breh B3 L EAR RN AETHR  RRBEAHER LGN EUE
WA R PRI - BRI B A RGPEH T X2 — EAERGK
1 B RRAT

Bush o AR RCH I A RN I U BB R 0 AT A — 8
BEF AT EAF OB AT - AR H RO X EFR AR FZAR L+ 4694

T RHEMIE T RRFORIR  RANKELERZBZE -



Contents

English Abstract
Contents

List of Figures

1 Introduction

2 Joint Frequency Data and,/Channel Estimation for SISO-OFDM Sys-

tems

2.1 Joint CFO Estimation and DatasDPetection = . . . . . . . . .. . ... ..

2.1.1 System model in AWGN channels . . . . . . ... ... ... ...

2.1.2  Joint frequency-data sequence estimation algorithm . . . . . . . .

2.1.2.1 Data detection . . . . . ... ...

2.1.22 CFOestimation. . . . . ... ... ... ... ......

2.2 Joint Estimator for Frequency-Selective Channels . . . . . . . . ... ..

2.2.1 System model for frequency-selective channels . . . . . . . .. ..

ii

11

2.2.2  Joint frequency-data sequence-channel (FDC) estimation algorithm 12

2.2.2.1 Channel estimation . . . . . .. ... ... ... ..... 12
2.3 Numerical Experiments . . . . . . . . .. ... 15
Further Study on the Detecting SISO-OFDM Signals 19

3.1 Receiver Window Design . . . . . . . . .. ... L oo 19

i



3.1.1
3.1.2

3.1.3

3.1.4

Double-length FFT and square windowing . . . . . . ... .. ..
Adaptive Nyquist windowing . . . . . . . . .. . ... ... ....
3.1.2.1 “Folding” method . . . . . . ... ... ... ... ..
Effect of windowing on ICI and noise Power . . . . . .. .. ...
3.1.3.1 ICLAnalysis. . . . ... ... . ...
3.1.3.2 Noise power analysis . . . . . ... ... ... ......

Complexity issue . . . . . . . .. Lo

3.2 Reducing the Number of Trellis States . . . . . . . .. ... ... ....

3.2.1

Complexity issue . . . . . . . . . .o

3.3 Channel Estimation . . . . . . . . . . . . .

3.3.1
3.3.2
3.3.3

3.3.4

Jakesmodel . . . . ...
Model-based channel estimate . . . . . . .. .. ... ... ....
2D model-based channel estimate with transform-domain process-

ing (2-D+TDP) &, el 0

Complexity issue. . . oot oL 0 d

3.4 Numerical Experiments . <o .0 . . 00 000

4 Joint Estimation for MIMO-OFDM Systems

4.1 Introduction . . . . . . . . ..

4.2 System

Model . . . . . .

4.3 MIMO-OFDM Channel Estimation . . . . . . . . . . . . . . . ... ...

4.4 An Iterative Joint FDC Estimation Algorithm . . . . . .. ... ... ..

4.5 Numerical Experiments . . . . . . . . . .. ... ... ..

5 Conclusion

Appendix

il

45
45
46
47
50
ol

54

54



A 802.11n PHY Specification 55
A.1 MIMO data path overview . . . . . . . . . ... ... ... ... ..... 55

A.2 High Throughput (HT) PHY layer convergence protocol (PLCP) pream-

ble . . . 56
A.3 Basic MIMO PPDU format . . . . . . . . . . . . . . .. H&
Bibliography 60

v



List of Figures

2.1 Block diagram of an OFDM modulator. . . . . . . .. .. ... ... ... 6
2.2 Structure of complete OFDM signal with the guard period (interval). . . 6
2.3 Block diagram of a typical OFDM demodulator. . . . . . . ... ... .. 7
2.4  An example of cost value for CFO=0.2 without noise. . . . . . . . . . .. 10

2.5 Illustrating the proposed iterative joint Frequency-Data Sequence-Channel
(FDC) estimation algorithm”. Initially, the switch is in position 1; and
for the tracking mode it issmoved to pesition 2; It stops when the new
channel estimation is close enough to the previous estimate . . . . . . . . 14
2.6 BER performance of SISO-OEDM systems using iterative joint FD esti-
mate in AWGN channels with different foor. . . . .. ... ... ... 16
2.7  MSEE performance of CFO estimates for the joint FD estimate in AWGN
channels. . . . . . . . L 16
2.8 BER performance of SISO-OFDM systems using iterative joint FDC es-
timate in Rayleigh fading channels with different f.. . . . . . . . . . . .. 17
2.9 MSEE performance of CFO estimates for the joint FDC estimate in
Rayleigh fading channels. . . . . . . . ... .. ... . 0oL 17
2.10 MS channel estimation error of the joint FDC estimate in a Rayleigh

fading as a function of f.. . . . . .. ... 18

3.1 Double length of OFDM-symbol(a)time domain, (b)2N rectangular win-
dow, (c)frequency domain. . . . . . . . ... 21

3.2 Filter bank and the placement of the N carriers . . . . . . ... ... .. 22



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

3.19
3.20

Completed OFDM-symbol (a)time domain, (b)Nyquist window, (c)frequency

Qo v o e 24
Raised cosine window and BTRC window depending of roll-off factor a . 26
DFT-filter bank with Nyquist windowing (o =0) . . ... ... ... .. 26
Graphical representation of a 8&FFT . . . . . ... ... .. ... .... 27
Folding of the receiver window. . . . . . . . ... ... ... ....... 29

Comparison of ICI power for different baseband pulse-shaping functions
(e =0.1) in a 64-subcarrier OFDM system. . . . . .. ... ... ... .. 32
ICI power associated with different base pulse-shaping functions (o = 1)
in a 64-subcarrier OFDM system. . . . . . .. .. ... ... ... .... 32
SIR for different basebands«pulse-shaping, functions (o = 0.1) in a 64-
subcarrier OFDM system. . 5l e o 0oL 33

Power percentage distribution oft BTRC in:frequency domain for each

subcarrier at CFO = 0.2.4 ...%. . . . .80 o .o 35
Ray arrival angles in the Jakes model (N =10). . . .. ... .. .. ... 37
Real part of a Jakes fading process. . . . . . . . . . ... ... ... 38
Regression of LS channel under SNR=12dB. . . . .. .. ... ... ... 40
A complete channel estimation process. . . . . . . . .. .. .. ... ... 40

BER performance of SISO-OFDM systems using iterative joint FD esti-
mate with different windowing in AWGN channels. . . . . . .. ... .. 43
BER performance of SISO-OFDM systems using iterative joint FDC es-
timate with different windowing in Rayleigh fading channels. . . . . . . . 43
Effect of channel estimate on the SISO-OFDM system’s BER performance. 44
BER performance of SISO-OFDM systems using iterative joint FDC es-

timate with reduced-state DF method in Rayleigh fading channels. . . . . 44

vi



4.1
4.2

4.3

4.4

Al
A2
A3

Channel model for the gth receive antenna. . . . . . . . . . ... ... ..
BER performance of MIMO- and SISO-OFDM systems using iterative
joint FDC estimate (fe =0.2). . . . . ... ... ... ...
MSEE performance of CFO estimates in MIMO-OFDM systems for 2 x 2
and SISO configurations (fe =0.2). . . . .. .. ... ... ... ...
Effect of the channel estimate on the MIMO-OFDM system’s BER per-
formance (fe =0.2). . . . ...

The MIMO datapath of the IEEE 802.11n standard. . . . . . ... ...
HT Preamble format . . . . . . . . . . . . . .

HT Preamble format . . . . . . . . . . . . .

Vil

52



Chapter 1

Introduction

The main idea behind the orthogonal frequency division multiplexing (OFDM) wave-
form is to split a data block into multiple parallel sub-blocks so that each of them is
transmitted by distinct orthogonal subcarriers. The orthogonality between those trans-
mitted sub-streams is ensured by chieosing a proper subcarrier spacing. By inserting a
cyclic prefix in the (parallel-to-serial) combined time-domain signal before it is transmit-
ted via the main carrier, intersymbol interference (ISI) caused by a multipath channel
can be eliminated at the receiving.end if the corresponding cyclic prefix part in each
OFDM frame is removed.

The cyclic prefix (also known as the guard interval) of an OFDM block is a copy of
the last portion of the original block and if the maximum channel path delay is smaller
than the guard interval duration, the received time-domain waveform will be a weighted
sum of various delayed version of the transmitted blocks. Deleting the cyclic prefix,
each data-bearing subcarrier experiences only flat fading. Such an arrangement enables
an OFDM-based system to overcome frequency selective fading in broadband wireless
transmission and is the major reason for its current popularity.

Due to its effectiveness, OFDM has been selected as standards for various wireless
applications, such as digital audio broadcasting (DAB) [1], digital video broadcasting
(DVB) [2]-[4], high performance local area networks (HIPERLAND/2) [5], and IEEE



802.11a wireless local area networks (WLAN) [6]. OFDM also plays an important role
in future standards, such as IEEE 802.11n [7] [8], 802.16e, and 802.20, some of them
are likely to include the Multiple Input Multiple Output (MIMO) option for capacity
enhancement. We will give a brief introduction in Section A.

With all its merits, OFDM, unfortunately, is far more sensitive to synchronization
errors, especially the carrier frequency offset (CFO), than single carrier systems. CFO
is primarily caused by relative movement or channel-induced Doppler shifts and in-
stabilities of and mismatch between transmitter and receiver oscillators [9]. In high
dynamic environment, the received waveform is likely to encounter large Doppler shifts
by antipodal frequencies. Residual CFO results in inter-carrier interference (ICI) among
subcarriers due to the loss of orthogonality and will bring about serious performance
degradation. Whence it is highly desirable to reduce the sensitivity of OFDM systems
to CFO of any kind.

There have been a multitude of proposals for €FO compensation. But most of
them require pilot symbols or training sequences [10], which lowers the effective data
rate. Blind techniques that operate in“the time domain [11] often require observation
over a number of OFDM symbols, and are mot suitable for tracking time-varying CFO.
Decision-directed modifications of some pilot-assisted CFO estimation are more promis-
ing but require good initial estimate. On the other hand, the ultimate goal of a receiver
is the detection of the transmitted data stream and, as the detection of OFDM signals
takes place in the frequency domain, channel estimation must be obtained before data
detection commences. Conventional OFDM channel estimators, however, are derived
under a zero or negligible CFO assumption. We therefore face the dilemma of chan-
nel estimation in the presence of CFO and CFO estimation without pilots or reliable
decisions.

It is thus the goal of this investigation to develop feasible solutions to the above

joint estimation and detection problem. We adopt an iterative approach for joint



CFO/channel estimation, tracking and data detection. To simply our problem, we shall
assume that the initial CFO is to be less than one half of the subcarrier spacing. Draw-
ing an analogy between the ICI effect on a frequency domain signal and the ISI effect on
a time domain signal, we can easily apply the maximum likelihood sequence estimation
(MLSE) technique to detect the data stream in the presence of ICI, assuming known
CFO.

Chapter 2 begins with the simple scenario that no channel estimation is needed.
Assuming an initial CFO estimate we use the Viterbi algorithm to obtain an estimate
of the transmitted data sequence. The CFO estimate is then refined and updated by
considering the new information provided by the estimated data sequence. The updated
CFO, in turn, is used to modify the trellis for a new run of Viterbi detection. The
iteration procedure stops when convergence is achieved (usually 2 or 3 iterations is
enough).

When frequency selective fading is present) channel estimate is needed for data detec-
tion. Because the channel estimation requires CFO information our iterative procedure
will consist of two loops in whichsthe joint CFO/data estimation constitute an inner
loop while the joint channel and CFO/data estimation procedure forms the outer loop.
More specifically, the inner loop follows the same iterative procedure described in the
above paragraph and, when a convergence is detected, the information is passed to the
channel estimator to produce a new estimate. The new channel estimate is then used by
the inner loop for another run of joint CFO/data estimation. Simulation results indicate
that both inner and outer loops converge very rapidly. The complexity is mostly associ-
ated with the Viterbi search and channel estimator. The former has to do with the ICI
range, i.e., the number of neighboring subcarriers that interfere the desired subcarrier
while the latter depends on the algorithm used.

In Chapter 3, we suggest the use of Nyquist windowing in time domain to suppress

the ICI effect and reduce the number of trellis states through truncation and decision



feedback [22]. We also study the effectiveness of an improved channel estimator. It is
shown that the receiver complexity is greatly reduced without significant performance
degradation.

Chapter 4 extends our investigation to a MIMO environment and finally, Chapter 5
summarizes the main results and suggests topics for further studies. In all simulations,
BPSK is used as the subcarrier modulation. For reference purpose, we provide a brief

description of the IEEE 802.11n standard proposed by the TGn Sync group in Appendix
A.



Chapter 2

Joint Frequency Data and Channel
Estimation for SISO-OFDM
Systems

In a real-world scenario, received OFDM signals often suffer from residual frequency
offsets, caused by oscillator instabilitiessand rélative movement-induced Doppler spread,
resulting in inter-carrier interference (ICI) among subcarriers. It is desirable to reduce

the sensitivity of OFDM to carrier frequency offsets .

2.1 Joint CFO Estimation and Data Detection

2.1.1 System model in AWGN channels

Shown in Fig. 2.1 is a block diagram of an OFDM transmitter. The mapper converts
input data stream into complex valued constellation points, according to the selected
constellation, e.g., BPSK, QAM. The complex valued data sequence is parallel-to-serial
converted before being used to modulate multiple carriers via an inverse discrete Fourier
transformation (usually through the inverse fast Fourier transform, IFFT).

Each OFDM symbol has a “useful interval” of length T, and a cyclic prefix (CP)(or
“guard interval”) with duration T}; see Fig. 2.2. The CP is a periodical repetition of the
useful interval so that precise timing recovery is not needed as long as the discrete Fourier

transform frame of the receiver starts within the guard interval. In order to protect the
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a Transmitting
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v

Input data -
—» Mapper /P | - |IFFT P/S ACde > DAC |—»
aN-1

Figure 2.1: Block diagram of an OFDM modulator.

OFDM signal against inter-symbol interference (ISI), the CP is set longer than the
maximum channel memory, 7,/7, < 0.25 being a practical value. The baseband signal
is modulated by a Nyquist signaling pulse, up-converted to the radio frequency (RF) and

then transmitted through the channel. At the receiver, the signal is down-converted

S[N-G] [===e [S[NZ][S[LLIS[2]47s =oeoecceee s[N-1]

n o
T, has G samples T, has Nisamples

-~ Complete OEDM"signal e

Figure 2.2: Structure of complete OFDM signal with the guard period (interval).

to the intermediate frequency (IF) and then demodulated (Fig. 2.3). After removing
the cyclic prefix, the signal part of the received time-domain baseband waveform can be

expressed as

N-1
s[n] _ = Z akej27rnk/Nej27rfen/N (2‘1)

where,

e q; represents the symbol carried by the kth subcarrier. The i.i.d. data sequence

{ay} is such that Efa;] =0 and E[|ag|*] = 1.
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N (\ N
Received (/\r >
OFDM > ~H>
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5 Remove - J Output data
—»| ADC > Cp » S/P ||d | FET || P/S » De-mapper —p

el

Figure 2.3: Block diagram of a typical OFDM demodulator.

e N = the number of subcarriers.

e f. is CFO normalized by the intercarrier spacing f; = 1/T, and T, is an OFDM

symbol period (without cyclic prefix).

This time domain signal is then passed through & serial-to-parallel convertor and then an

FFT demodulator. Assuming an;AWGN channel, thesignal at the FFT output becomes

=

A
1 )
= g sinjw[nled? XN 4, (2.2)

n=0
where w[n] represents the receiver pulse shaping function and ny, is additive white Gaus-

sian noise (AWGN). Plugging (2.1) into (2.2), the received signal can be written as

N-1 1 N-1
Ty = Z A, {N w[n]e—]Qﬂn(k—m)/NBJQern/N} + ny,

= Wi+ anWi, +m (2.3)
m#£k

—_——
IcI

= yp(fe,a) +ny (2.4)

fe _ 1 N-1 —j2mnk/N ,j2m fen/N
where Wj© = £ > 5 wln]e el*mle

As shown in (2.3), the signal portion of ry, can be viewed as the output of an ISI

7



channel driven by the input a with the channel response W,f ¢ ,dependent upon the given
CFO, f.. The choice of the window function w[n| affects the extent of ISI (actually the
ICI in this case). To control the complexity of the estimator, the length of W,f must
be kept reasonably short. We will discuss how to choose pulse shaping function later in

Section 3.1.

2.1.2 Joint frequency-data sequence estimation algorithm

With a proper window shaping, we can rewrite (2.3) as

m=k-+L
T ~ akW({e + Z Gkafim + ny, (25)
m=k—L,m#k

where L is usually less or equal than 2 for |f.| < 0.5 .

2.1.2.1 Data detection

Given fe, the data detection is-equivalent to estimating the state of a discrete-time
finite-state machine. The finite-state machine in this case is the equivalent discrete-time
channel with coefficients {W,f °} and its state-at any instant in time is given by the 2% L
most recent inputs. Even though we have noncausal term in (2.5), we can add a delay

function so that the resulting model is causal.
The & akaeL + ak_1erL+1 + ...+ ak_gLWg; + Np_r, (2.6)
The state at time k is
Sk = (ag—1, ax—2, ..., Ap_2r) (2.7)

If the information symbols are M-ary, the channel filter has M?" states. Consequently,
the channel is described by an M?%-state trellis and the Viterbi algorithm may be used

to determine the most probable path through the trellis.



2.1.2.2 CFO estimation

Given a as well as r, we can get a CFO estimate by finding f. that minimizes the cost

function

C(fe) = DI = wilfe ) (2.8)
k
The minimization of (2.8) is carried out base on a gradient descent search method as
following:
oC
C(fe) = 2.9
ViCU) = 37 2.9)

— Z{—A-r,’;—A*-rk+B-A*+A-B*}
k

where ( )* denote the complex conjugate and

k+L 8er
e / e e k—m
A - Z am(ng—m> ~ Z am(W]f—m)/ ) (Wk{—m)/ - af
m m=k—1L ¢
k+L
B = Z amW,fjm ~ Z amW,fjm
m m=k—L

(2.10)

A learning rate u is introduced to control the rate of change in each iteration

fo = fd—uxVe(C(f)

fé = fo—ux Vi (C(£)

[ T us VR (C(FT)

When f* reaches a stable value with very little jitter, which indicates that we have

arrived at a minimum, the algorithm stops; see Fig. 2.4.



The value of cost function

[
(=]

o
(=]
T
1

8

1 L 1 1 1 1
0 0.05 0.1 0.15 0.2 025 03 0.35 0.4 0.45 0.5
CFO

1 1

Figure 2.4: An example of cost value for CFO=0.2 without noise.
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The joint frequency-data sequence (FD) estimation algorithm consists of the follow-

ing steps:
A1 (Frequency Estimate Initialization) Set the initial estimate f. to zero.

A.2 (Starting the FD iteration loop) Using the CFO estimate fe, generate the corre-
sponding frequency domain “channel response” W, :
=,
Wke _ E Z w[n]efj27rn(kfm)/Kej27rfen/K

n=0
A.3 (Compute the tentative data estimate) Based on the observation baseband samples

r, we run the Viterbi algorithm using the branch metric

M = e — yi(fe, @)
to obtain an estimate a of the transmitted data sequence.

A4 (Update the frequency estintate) Given.& from Step 3 as well as r, we obtain a

new CFO estimate by searching for f. that minimizes the cost function
C= T (ferd) |
k

A5 (Convergence check and end of the FD loop) If the new CFO estimate is close
enough to the previous estimate, i.e. absolute difference is less than 107, then

stop the iteration and release the most recent estimate; otherwise, go to Step 2.

Simulation shows that this algorithm usually converges within just two or three itera-

tions.
2.2 Joint Estimator for Frequency-Selective Chan-
nels

2.2.1 System model for frequency-selective channels

For frequency-selective fading channels, we assume that the CP is longer than the

channel impulse response whence there is no frequency domain self interference between

11



successive OFDM symbols. With such an assumption we can concentrate on a single

OFDM symbol scenario. Let the signal part of the received signal be given by

N-1
1 . )
sln| = N g ay Hye?2mk/N gi2mfen/N (2.11)

k=0

where Hj, is the channel response at k/T. After taking FFT, the received signal becomes

rE = s[n]w[n]e’ﬂ’mk/N + (2.12)

MZ

15
N

n=0

Like the AWGN case, we have
TR = Z am H W+
= yr(fe,a, H) +ny (2.13)

2.2.2 Joint frequency-data sequence-channel (FDC) estimation
algorithm

The estimator proposed in the previous section cannot be applied directly to (2.13)
because the channel response is unknewn=rHeowever; assuming the data sequence and

the CFO are known, the channel impulse response can be easily estimated.
2.2.2.1 Channel estimation

For every subcarrier n, the channel can be estimated as (using LS):

A 1
H, = —[(FAF)'Fy], , n=0,1,...N — 1 (2.14)
Qp,
where
W({e erN—&-l
Wi, W
_ .
r
r —=
| "N-1

12



Based on this channel estimator and the joint CFO-data sequence estimator proposed
in the previous section, we arrive at the following iterative joint CFO-data sequence-

channel estimation algorithm.

B.1 (Channel estimate initialization) Let Hp to be the channel estimate from the

previous OFDM symbol interval.

B.2 (FD iteration loop) Using this channel estimate, the CFO f. and the symbol
sequence a are estimated by the joint FD estimation algorithm described in the

previous section.

B.3 (Channel estimate update) Compute a new channel estimate Hy using (2.14) based

on the current estimates f, and a.

B.4 (Convergence check for the channél’éstifiate) If the new channel estimate Hy is

close enough to the previous'estimate, mote specifically, if

2

Iy - H,
‘7 oos

Hy

then stop iteration and release the most recent estimates. If not, go to Step 2.

We plot the overall receiver structure in Fig. 2.5.

13



Received |
OFDM
signal | .
—»| ADC —> Regllfve —» s/ || |FET [|] | PIS
CFO is close
to previous ?
CFO Data ¢
No (Gradient descent method) ] (Viterbi algorithm)
Yes ©

Channel is-close
to previous ?

Channel
(LS algorithm) No 2
Yes 1
Previous H, > 1 Initial
27 c< f.=

02

Figure 2.5: Illustrating the proposed iterative joint Frequency-Data Sequence-Channel
(FDC) estimation algorithm”. Initially, the switch is in position 1; and for the tracking
mode it is moved to position 2; It stops when the new channel estimation is close enough

to the previous estimate .
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2.3 Numerical Experiments

The computer simulation results reported in this section are obtained by using a pilot
and data format which are the same as the Tgn Sync 802.11n proposal (52 data tones
and 4 pilot tones); see the Appendix. It is a slight modification of the IEEE 802.11a
data format (48 data tones and 4 pilot tones).

From Fig. 2.6 we can see that the proposed joint FD estimator gives good BER
performance in AWGN channels. The mean squared estimation error (MSEE) perfor-
mance of the frequency estimate for different f. is plotted in Fig. 2.7, where SNR is
defined as the ratio of the total transmit signal energy per bit to noise power density.

The frequency-selective fading channel is modelled as an linear FIR filter with impulse

response given by
Cr—1

h(k) = doudaeri?o(k — n) (2.15)
n=0
where ® is uniformly distributed in [0, 27) -and «;, 1s Rayleigh distributed with an expo-

nential power profile

Oé_i — (1 _B e*‘Ts/Trms)e*nTs/Trms'

with C=10, T,,,,=30ns and T,=50ns. We use Jakes channel model with maximum
Doppler shift of 500 Hz to simulate time-correlated Rayleigh fading «,.

Fig. 2.8 and Fig. 2.9 present respectively the BER and MSEE performance of
the CFO estimator in frequency-selective fading channels. And we show the MSEE of
the channel estimator in Fig. 2.10. These performance curves indicate that the BER
performance is dominated by the channel estimation error since the MSEE of the CFO
estimator is relatively small, especially at high SNRs where the MSEE of our frequency
estimate reaches an almost constant floor while the channel estimate’s MSEE continues

to decrease.
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Figure 2.9: MSEE performance of CFO estimates for the joint FDC estimate in Rayleigh
fading channels.

17



10 [ T T T T T ]
-©- fe=0.2 ]
- fe=0.4 «

MS Channel Estimation Error

SNR (dB)

Figure 2.10: MS channel estimation error of the joint FDC estimate in a Rayleigh fading
as a function of f,.

18



Chapter 3

Further Study on the Detecting
SISO-OFDM Signals

This chapter presents two modifications on the algorithm discussed in the previous
chapter to enhance the BER (bit error rate) performance. We fist show that, with a
proper time-domain windowing in place hefore the DFT operation, we can reduce the
ICI due to CFO. Our second improvement;is ebtained by using a proper model-based
channel estimation method. Weldemonstrate that improved performance is obtained,
especially at high SNRs. Since the complexity-of the joint estimator is mostly associated
with the Viterbi search, we also show'the number of trellis states can be reduced when

the normalized absolute CFO is small (< 0.2).

3.1 Receiver Window Design

As shown in Chapter 2, conventional OFDM reception [13] makes no use of the
signal samples in the guard interval (GI) as they might be corrupted by multipath
interference. Only the so-called useful (cyclic prefix-removed) samples are retained and
sent to the ensuing discrete Fourier transform (DFT) block for further frequency-domain
signal processing. This corresponds to a plain rectangular windowing on the received
samples in time domain. Muschalik [14] showed that spectral properties improvement is
achieved by allowing excess time in the demodulation window. In many channels, the

GI is oversized, i.e., the actual channel-impulse response duration is shorter than the
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implemented GI. We refer to that part of the GI which is not affected by echoes from
previous OFDM symbols as unconsumed GI. Samples in that region can be exploited to
improve performance.

The use of windowing on the time-domain samples before the DFT operation (receiver
windowing) reduces the side lobe amplitude but also leads to the loss of orthogonality
amongst subcarriers. A window which reduces the side lobes while retains the carrier
orthogonality is called a Nyquist window. Muschalik [14] first proposed the use of the
raised cosine window to suppress ICI in OFDM systems. Tan and Beaulieu [15] then
suggest a new window and claimed that it is superior to the raised cosine window in
ICT reduction. These windows need a part of the GI that is not affected by echoes and
whose length depends on the channel conditions [18]. As its name suggests, receiver
windowing is a receiver-only technique, so it is applicable to systems without requiring
a change to the transmitter (which is typically the specified part of a standard).

Other approaches to OFDM stransmission with modified window shapes [16] [17],
include transmitter modifications to reduce out-of-band power of the transmitter by

waveform shaping which is different from the receiver-only approach.

3.1.1 Double-length FFT and square windowing

Since in many cases only a portion of the GI is necessary in order to avoid ISI, the
other “variable” part of the GI may be used for Nyquist windowing. We first try to use
2N samples in order to maintain the orthogonality.

One way to improve the frequency response of the filter bank is to prolong the
rectangular window interval to double its length (27;,) before taking FFT (Fig. 3.1(a)).
In this case the GI T, has to be the same length as the usable interval T;, = T;, and has
N samples. So now, an FF'T of length 2N rather than of length N has to be performed,
as shown in Fig. 3.1(b). Fig. 3.1(c) plots the spectrum of a double length OFDM-

symbol. The new filter bank consisting of 2NV square windowings and the placement of
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Figure 3.1: Double length of OFDM-symbol(a)time domain, (b)2N rectangular window,
(c)frequency domain.

the N carriers are shown in Fig. 3.2. We can easily see that there is an additional zero

crossing between two carriers. Only the odd or even filters of the filter bank contain

the carriers and are used to extract the information. The other so called ghost filters

contain only disturbances like noise and are not used. Therefore only one half of the

2N FFT coefficients need to be calculated to the end. The advantage of having twice

as many filters (2N) on the filter bank is that the odd or even filters integrate the same

carrier power but only one half of the white noise power of the N-filter case for same

maxima value. It results in an improvement on carrier to noise ratio C'//N of 3 dB.

21



k-2 k-1 Kk k+1  k+2

AVAVAVAVAVAY

The disturbance power filtered by the “ghost™ filters is the gain of this filter bank. The
handicap of this kind of windowilg is that-we need a'very long GI (7, = T,,). Therefore
the 2N square windowing is under normal ¢onditions unrealizable but, as will be shown

in the next subsection, it allows the better understanding of the Nyquist windowing.

3.1.2 Adaptive Nyquist windowing

With GI length between 0 and T, ,.e. T, > T, > 0, the Nyquist windowing may
be implemented to improve the frequency response of the DFT filter. In the case of
multipath reception only the “usable GI” T, is used for the windowing. T, is supposed
to be free of ISI. The windowing is adaptive because T, depends on channel conditions,
hence has variable length. Fig. 3.3 shows the way to implement an adaptive Nyquist

windowing.
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Figure 3.3: Completed OFDM-symbol (a)time domain, (b)Nyquist window, (c)frequency
domain.

The usable part of the GI T;, consists of V' samples. The V samples of T, together
with the OFDM-symbol T, (N samples) are symmetrically windowed. The window w(t)
has a shape which fulfills the time domain analogy to the Nyquist criterion.

We consider three time-limited pulses. Let w,(t), w..(t) and wy,..(t) denote the
rectangular pulse, the raised-cosine pulse (in the continuous time domain), and the

“better than” raised-cosine (BTRC) pulse (in the time domain) defined as

= L < < e
_J T 2 = 1M =7
we(t) = { 0, otherwise (3.1)
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wnet) = 4 st {1 cos [ (11— B2},
0,
and
1
Lo alii-2)
R R )y

0,

Tu(l—a)
0< [t <=5~

Tu(l—c Tu(14«
(2 ) < ‘t’ < (;F )

otherwise

0< ] < Tl
Tu(1— )
L) <t < In
T.(1
Bt <

otherwise

(3.2)

(3.3)

with Fourier transforms W,.(f), W,..(f) and Wy,..(f), respectively, where « is the roll-off

factor, and 0 < aw < 1. Here we define o = T, /T,,, which varies depending on the usable

part of the GI. Fig. 3.4 shows the pulse shaping function of raised-cosine pulse and

BTRC pulse in time domain with various «. Practical values of o between 0...0.25 may

be considered. In our case, we use @=10.1 (V =0:1 x 64 = 6).

If we take (V 4+ N)-DFT size after Nyquist- windewing, the zero crossings separated by

w(t)

-T -T /2
u

Figure 3.4: The time functions of raised-cosine pulse, and BTRC pulse with different «.

/i are not the integer times of subcarrier spacing (1/(T,, +T,)). Thus the filter bank has

lost its orthogonality. Neither a FFT of the total windowed samples V+N is possible,
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because their number is not a power of two. Thus a symmetrical “zero padding” is

performed in order to complete a total of 2N samples s,,[n]

0, 0<n<(N-V)/2-1
swln] = 4 sipjwln]  (N=V)/2—1<n<3(N+V)/2—1 (3.4)
0, 3AN+V)/2—1<n<2N-—1

where w[n] is the choosing window function after uniform sampling rate T, /2N.

In this way a FFT may still be used instead of the more complex non-power-of-two-DFT
and the filter bank orthogonality is restored. The FFT computes the 2N coefficients f

on the windowed samples s,,[n]. Fig. 3.5 shows the 2N-FFT filter frequency response
(Wre(f) and Wyo(f)) depending on the roll-off factor.
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Figure 3.6: DFT-filter bank with Nyquist windowing (a = 0)

The filter bank after Nyquist windowing is shown in Fig. 3.6. And as the equation

shows

Yy = Suw [n]e—j27rnk/(2K)

— Suw [n]e—jQWn(k/Q)/K (35)
n=0

It is composed of 2N filters separated by f;/2. Equation (3.5) reveals that only the

odd or even coefficients contain the carrier information, in this case ...yx_o, Yk, Yrr2, ---
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The other “ghost” coefficients ...yx_3, Yx—1, Yx+1,..- contain irrelevant information and
are not used. We may avoid the computation of these ghost coefficients, decreasing the
complexity of the shorted 2N-FFT near to the complexity of the N-FFT (As a example
shown below).

Ezxample:

We assume N = 4, and we need a 2N = 8 FF'T in order to implement the Nyquist
windowing. A FFT can be graphically represented using butterflies (Fig. 3.7) for 8-
point, W§ = e™J (2m/N )k)). We can see that one half of the 8-FFT, separated by the dotted
line, consists of the odd coefficients and the other half consists of the even coefficients.
Therefore it is not necessary to compute one half of the coefficients of the 2N-FFT until
the end. We only need to compute the first stage of the 2N-FFT before computing the

remaining N-FFT.

Figure 3.7: Graphical representation of a 8-FFT



3.1.2.1 “Folding” method

If we observe (3.5) further, it can be rewrite as follows :

N—1 2N—1
T Sw[n]e—jQWn(k/Q)/K + Z Sy [n]e—jQﬂn(k/Q)/K (36)
n=0 n=N
N-1
= (5w[n] + Sw[n + N))e 92mE/2/Eif | ¢ even numbers (3.7)

[e=]

3

After multiplying the received sequence in an OFDM symbol by the window function,
the last V' samples in GI, which are covered by the window function, are added to the
last V' samples in the symbol. Then, GI is excluded and the remaining N samples are

fed into the FFT module. Let k = 2k’ we can rewrite (3.7) as

N-1
Yo =y ne /K = 0,1, N~ 1 (3.8)

n=0
where §[n] = s,[n] + sy,[n+ N] formw=0,1,.... N=1. §[n] is referred to as the “folding
window signal”.

In summary, as a shortened 2/N-EFT-avoids the computation of ghost coefficients,
we find that 2N-FFT can be replaced by N-FF'L-with proper processing before the FFT

operation as shown in Fig. 3.8 [20] [21].
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Figure 3.8: Folding of the receiver window.
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3.1.3 Effect of windowing on ICI and noise Power

3.1.3.1 ICI Analysis

After a width-2N windowing, the received signal part with a normalized CFO f, is

1 .
wo= 3 shilulale e
N AR
— Z . {? w[n]ejZWn(k/Zm)/NejQern/N}
m=0 n=0
N | Nl
= Z A {? (w[n] +wn + N])e_j%”(k/Q_m)/Neﬂ’rfe"/N} if k& € even numbers
m=0 n=0
N | V-l
= Z Ay {E wN[n]e_j2””(k/2_m)/Nej2”fe”/N} if k € even numbers (3.9)
m=0 n=0
where wy|[n| = w(n] + wln + N] n=0,1,..,N—-1
After even sampling, i.e. letting k =.2k;»we have
Y = apWy© + Z amW,ff_m for 0 <k <N-1 (3.10)
m#k!
ICT
where W,fe is the N-FFT of wy(n)'with f.. Hence,the power of the desired signal is
oy = |aw Wy (3.11)
and the corresponding ICI power is
N-1 N-1
o= > Y ana Wil Wi, (3.12)

m=0,m#k’ n=0,n#k’
The ICI power depends not only on the desired symbol location, &', and the transmitted
symbol sequence but also on the pulse-shaping function and the number of subcarriers.

Taking average over different independent data sequences on (3.12) gives the average

ICI power
L N-1
Ofer = Z |W£e—k"2 (3.13)
m=0,m#k’
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For the Nyquist window pulse, one has (see Fig. 3.5)

Wil 2 Wl (3.14)
Whiiwl 2 Wikl (3.15)

Therefore, a rectangular pulse-shaped OFDM system always has larger ICI power than
that associated with a raised-cosine pulse-shaped OFDM system or a BTRC pulse-
shaped OFDM system. Fig. 3.9 compares the ICI power when o = 0.1 for the rectan-
gular pulse, raised-cosine pulse and BTRC pulse. Fig. 3.10 shows a similar comparison
for the case of @ = 1. Noteworthy, for the same value of o, the BTRC pulse outperforms
the raised-cosine pulse despite the fact that the tails of Wy,..(f) and W,.(f) decay as
f~%2 and f=3 | respectively. This is because the sum (3.13) is completely dominated by
the closest two terms.

Comparing Fig. 3.9 and Fig.<3.10, we findthat increasing « leads to large ICI
power reduction. This is expected since increasing a-corresponds to reducing the side-
lobes in the spectrum.

We now examine the impact of the baseband pulse used in terms of the average signal
power to average ICI power ratio (SIR). Averaging (3.11) over all possible transmitted
symbols and combining with (3.12) yields
LA
S VI

Fig. 3.11 compares the SIR for different pulse-shaping functions in a 64-subcarrier

SIR =

(3.16)

OFDM system plotted as functions of the normalized frequency offset, f.. Observe that
the BTRC pulse outperforms the raised-cosine pulse. For example, assume that it is
desired to track CFO range less than 0.25. When employing the BTRC pulse, the SIR
can maintain at least 7.1656 dB. In contrast, the SIR,,;, is only 6.8966 dB when one
uses the raised-cosine pulse. The difference of SIR,,;, between two pulses will become

wider as « increases.
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Figure 3.9: Comparison of ICI power for diffetent baseband pulse-shaping functions
(a = 0.1) in a 64-subcarrier OFDM system
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Figure 3.10: ICI power associated with different base pulse-shaping functions («

=1)
in a 64-subcarrier OFDM system.
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Figure 3.11: SIR for different baseband pulsesshaping functions (a« = 0.1) in a 64-
subcarrier OFDM system.

3.1.3.2 Noise power analysis

The noise component of the received frequeney domain samples at subcarrier k can be

written as

2N-1
ng = Z n'[n]w[n)e~72k/2N (3.17)

n=0
where n'[n] is independent complex Gaussian random noise value before windowing at
time n and has zero mean and variance 02, = Ny. The power of the noise on sub-carrier

k is

o2 = E[nn;]
2N—-12N-1
_ Z Z E[ n/[m]n/*[n] ] w[m]w*[n] 6—j27rnk;/2Nej27mk/2N
m=0 n=0
2N—-1

= 0% > fulm]P (31)

m=0
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Since 322N w[m][* = o 2NCUIWi]? (by Parseval’s Theorem ), one can easily con-
clude that with proper Nyquist window, it will not only reduce the ICI power but also

the noise power.

3.1.4 Complexity issue

The complexity of an N-FF'T may be measured by the number of complex multiplications
performed M. The sums (additions) does not represent a major increase in complexity

since they may be performed very easy. For a radix-2 algorithm [8],
N
M = = log(N) (3.19)

2N-FFT : As shown in Fig. 3.7. Since the first stage of a FFT normally consists of
trivial multiplications (1 - 1, j, - j), the complexity of the N-FFT (M multiplications, N
sums) is nearly the same that the complexity of the “shorted” 2N-FFT (M non-trivial
multiplications, 2N sums).

“Folding” method: After the wvariable length of CP multiplied by the V' samples of
window and are added to the lastV/. samplesimrthe symbol, the remaining V' samples are
fed into the N-point FFT module whose complexity is almost the same as a 2N-point
FFT. We thus conclude that the receiver windowing is a computationally reasonable

operation.

3.2 Reducing the Number of Trellis States

The complexity of the joint estimation algorithm is mostly associated with the Viterbi
search. The state number is M?% states where M is the modulation order and 2L is the
considering “CFO channel length” (Section 2.1.2). It will cause time-consuming search
if the modulation order is large; The complexity grows exponentially with the number of
transmit antennas (M?*M1 states) if we extend the algorithm to MIOM OFDM systems
(Chapter 4).

Based on above discussion, it is desirable to construct a detection method that reduces
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the complexity of the Viterbi algorithm by “shortening” the memory of the “CFO chan-
nel”.
Since the BTRC window has best property to lower the ICI effect among rectangular
window and raised-cosine window, it becomes our favorable candidate.

Consider a residual CFO less than 20% of the subcarrier spacing, we would like to
direct truncation of the nonsignificant side channel response. Here, we judge tap W,f"’
2/ ¥, W

window, there has only three taps after truncation.

to be non-significant if [V} 2 < 0.01. As shown in Fig. 3.12 for BTRC

Further, we use delayed decision-feedback sequence estimation (DDFSE) algorithm[22],
and force the number of considering channel taps down to 2. The algorithm combines
structures of the reduced-state Viterbi algorithm and decision-feedback detector and
provides a tradeoff between complexity and performance.

1
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Figure 3.12: Power percentage distribution of BTRC in frequency domain for each sub-
carrier at CFO = 0.2.
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3.2.1 Complexity issue

Since the total levels of the “reduced-state” approach are the same as the “full-state”
approach in Viterbi search, we consider the complexity across two levels only. For the
“full-state” approach, one has to compute M branches for every node with 2L+1 complex
multiplications performed at each branch. The total number of nodes is equal to M?~.
So, M?E x M(2L + 1) = (2L + 1) M+ complex multiplications and M?F comparisons
are needed to enter the next level (here L = 2 is used). On the other hand, the “reduced-
state” approach used here needs M x M x 3 = 3M? complex multiplications and M

comparisons only.

3.3 Channel Estimation

Since in our CFO estimator for frequeney=selective Channels (Section 2.2), the initial
channel estimate comes directly frtom. the previeus OFDM symbol, the performance of
the present symbol is dependent en that of the previous symbol and error propagation is
likely to occur. We now examine:the effectiveness of the novel model-based estimation

method [24] for estimating channels:

3.3.1 Jakes model

The Jakes fading model is a deterministic method for simulating time-correlated
Rayleigh fading waveforms [23] and is widely used today. The model assumes that N
equal-strength rays arrive at a moving receiver with uniformly distributed arrival angles
oy, such that ray n experiences a Doppler shift w,, = wycos(a,), where wy, = 2w fov/c
is the maximum Doppler shift, v is the vehicle speed, f. is the carrier frequency, and ¢
is the speed of light. Using a,, = 27n/N (see Fig. 3.13), there is quadrantal symmetry
in the magnitude of the Doppler shift, except for angles 0 and 7. As a result, the fading

waveform can be modelled with Ny + 1 complex oscillators, where Ny = (N/2 —1)/2.
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Figure 3.13: Ray arrival angles in the Jakes model (N = 10).

This gives

T(t) = [cos(qy) .7 sin(a)] cos(wart + 6p)

K{%

+ Z[cos(ﬁn) +\1sin(6, ) fcos(wnt + 0,,)} (3.20)

n=1
K is a normalization constant, @ (not-the-same as «,.) and (3, are phases, and 6,
are initial phases usually set to zero, Setting ee’= 0 and «,, = mn/(Ny + 1) gives zero
cross-correlation between the real and imaginary parts of T(t).

Jakes model is a very popular channel model for mobile multipath channels that
takes into account the Doppler effect and is based on the assumptions that the receiver
is moving at speed v while the arrival angles of multipath components are uniformly

distributed. The time correlation of the channel is given by
R(At) = Jo(2m- At - fy) (3.21)

where Doppler frequency f; = v - f./c. Jo(x) is the zero-th order Bessel function of the
first kind.
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Figure 3.14: Real part of a Jakes fading process.

3.3.2 Model-based channel estimate

(2.14) of Section 2.2 gives an LS chanmnel estimate 'which can be rewritten as

Noise(m,n) + ICI(m,n)
X(m,n)

Hi(m,n) = ———= =H(m,n)+ , (3.22)

where H(m,n), X(m,n) and R(m,n) denote respectively the channel response, trans-
mitted signal and received samples at the mth subcarrier during the nth symbol interval.
The channel responses H(m, n) can be viewed as a sampled version of the two-dimension
(2D) continuous complex fading process H(f,t) (Fig. 3.14). We choose a operating
region in the time-frequency plane and model the sampled fading process H(m,n) in

this region by the quadrature surface

Hoppoder(,y) = ar® +bry +cy’ +dr +ey + f (3.23)
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where the coefficients (a, b, ¢, d, e, ) are chosen such that

2

Z ‘ﬁl5<m7 TL) - Hmodel (m7 n) (324)
(mon)
is minimized. Rewriting (3.24) in a more compact form
. 2
> | His(m,n) — dl e (3.25)

(m;n)

where ¢ = (a,b, ¢, d, e, f) is the coefficient vector and ¢, , = (m?, mn,n? m,n,1) is the

data location vector, we can show
. 2
¢ = argmin HHZS — QCH (3.26)

where Hy, = (H,(0,0), H;4(0,1), ..., Hyy(Ly — 1, Ly — 1))T and

ddo 0 0 0 e 1
T
A, 0 0 1 SO
Q - : - 3 . : . .
AL, 101 (Lr=12 (Lp— (L —1) (Li—1)* - 1

L; and L; are the block length-of freq and time respectively. Note that from (3.23)
Qc represents the new estimate of the channel impulse response. By solving (3.26), the

coefficients of the regression polynomial'is

¢ = (Q'Q)'Q'H,, (3.27)

and we obtain the new estimates

A~

Hmodel(m, n) = qgwé (328)
I:Imodel = Qé = Q(QTQ)ilQTI:Ils = VI:Ilsa (329)

where
V = QQ'Q)'Q". (3.30)

Fig. 3.15 indicates the fitting processing of one-dimension (1-D). We can infer that if

the SNR is high enough, the regression may improve the channel estimation.
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Figure 3.15: Regression of LS channel under SNR=12dB.

3.3.3 2D model-based channel estimate with transform-domain
processing (2-D+TDP)

A channel estimation based on transfermsdomain processing was proposed in [25].

This method employs lowpass filtering in the‘transforin domain so that ICI and additive

AWGN components in the received pilots aré significantly reduced.

Although we can not get the information from a side band, we can still use the

regression model of the previous subsection to suppress the effects of ICI and AWGN

in the transform-domain. Fig. 3.16 is a block diagram that represents an improved

channel estimator, concatenating the transform-domain processing algorithm with the

2D model-based channel estimator.

> Least-Square

channel estimation

Hig

o

Transform-domain
processing

Hrp

—>

Model-based channel
estimation

Hmodel

—>

Figure 3.16: A complete channel estimation process.
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3.3.4 Complexity issue

Suppose there are N,, modulated subcarriers in the transmitted waveform, an LS channel
estimate needs N,, complex divisions or 5N, multiplications per OFDM symbol. It is thus
preferred to use (3.29) from a complexity point of view. The resulting computational

algorithm is

¢ = PH,, (3.31)
Hioda(m,n) = gl €. (3.32)

where P = (Q7Q)~!Q" is a constant matrix with dimension length(c) x (L; - L;).
To obtain ¢ we need 2 length(c)L;L; real multiplications since P is real. Calculating
each channel response at the data tone using (3.32) needs 2 L¢L; real multiplications.
Since there are N,, modulated subcarriers, we totally need 2N, (length(c) + 1)L L, real
multiplications for an OFDM symbol.

The transform-domain based-channel estimate uses two FFTs (both of size is N,,)
to estimate the channel response. For aradix=2 algorithm, the total number complex
multiplications required is about N,loga(LN,).and need 2N, (length(c) + 1)Ly real mul-
tiplications for regression in the transform-domain. On the other hand, the proposed
2-D regression model needs L¢/N,, memory to store those symbols information. The 1D

channel estimate does not need any extra memory to save symbol information.

3.4 Numerical Experiments

In previous sections, we have presented several methods either to enhance perfor-
mance or to reduce complexity of a joint estimation-detection process. This section
gives some numerical experimental results on these improvements. We first compare the
BER performance of the conventional Nyquist window (raised-cosine window) with that
of rectangular windowing in AWGN channels (Fig. 3.17). In Fig. 3.18, we then pro-

ceed to examine the performance in Rayleigh fading channels. We find that the BTRC
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window offers a superior performance for OFDM systems with nonzero CFO. One ob-
serves that the BER performance is almost undistinguishable for different windowing at
small SNRs. This is because BER performance is dominated by AWGN at small SNRs
and is determined by the ICI at high SNRs. The almost-flat curve represents the per-
formance of a receiver that does not update channel estimate, using the pilot-assisted
estimate for detecting the data payload. It obvious that channel updates are needed
in a time-varying channel to have reliable decisions. Fig. 3.19 proves the importance
of the channel estimation method used and indicates that the regression model-based
algorithm does offer reliable channel estimates. Finally, Fig. 3.20 reveals that the
reduced-state algorithm is effective for it incurs less than 0.6 dB BER performance loss

within the range of interest.
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Figure 3.17: BER performance of SISQIOFDM Systems using iterative joint FD estimate
with different windowing in AWGN channels:
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Figure 3.18: BER performance of SISO-OFDM systems using iterative joint FDC esti-
mate with different windowing in Rayleigh fading channels.
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Figure 3.19: Effect of channel estimate on the SIS‘O¢OFDM system’s BER performance.
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Figure 3.20: BER performance of SISO-OFDM systems using iterative joint FDC esti-
mate with reduced-state DF method in Rayleigh fading channels.
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Chapter 4

Joint Estimation for MIMO-OFDM
Systems

4.1 Introduction

The efficiency of a communication system is often judged by how the main resources—
power and signal dimensionality—is used." Until xecently, the latter is measured by the
time-bandwidth product of the transmitted waveform. By exploiting the degrees of
freedom of the spatial domain, 'one is able to significantly increase the capacity of a
wireless system [26] [27]. The spatial~degrees‘of freedom is realized by using multiple
antennas at both transmitter and receiver; generally referred to as the multiple-input
multiple-output (MIMO) technologies.

The high spectral efficiency associated with a MIMO channel is achieved under the
assumption that a richly scattering environment renders independent propagation paths
between each pair of transmit and receive antennas. In a MIMO system, high-rate data
transmission is accomplished by de-multiplexing, i.e., dividing the original data stream
into several parallel data substreams, each of which is transmitted from a corresponding
transmit antenna. All data substreams are independent of each other and different data
substreams will result in co-antenna interference (CAI) upon reception. A well-known
realization is the BLAST (Bell Labs Layered Space Time) system [28] that achieves high

peak throughput with small constellations.
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The OFDM scheme has been adopted by the wireless local-area-network (WLAN)
standards IEEE 802.11a and 802.11g due to its high spectral efficiency and ability to
combat frequency selective fading and narrowband interference. Thus if CAI can be
mitigated, a MIMO-OFDM system can provide both high data rates and improved
system performance through the use of the antenna as well as the frequency diversities.

Since the throughput enhancement of MIMO is especially high in richly-scattered
scenarios of which indoor environments are typical examples, the widespread indoor
deployments of WLAN systems makes MIMO-OFDM a strong and natural candidate
for high throughput extension (802.11n) of the current WLAN standards.

This chapter examines the most critical design issue associated with a MIMO-OFDM
system, namely, the problem of frequency compensation, channel estimation and data
detection. We will explain why it is possible and indeed feasible to extend the joint FDC

estimation algorithm we presented in'the last chapter to a MIMO-OFDM environment.

4.2 System Model

Consider a MIMO system with My, transmit antennas and Mg receive antennas. As-
suming a flat block-fading channel model, we can express the equivalent signal part of

the received time-domain samples at gth receive antenna as

Mt

Wln)=> ], q=12,... M (4.1)

p=1

where

N-1

3 1 ES 27T, 27 fen

Sq,p[n] — N E / TGZH;CLPe]Q k/Ne]2 fen/N (42)
k=0

corresponds to the OFDM signal sent from the pth transmit antenna to the gth receive

antenna. Moreover,

e a} represents the symbol carried by the kth subcarrier at the pth transmit antenna,
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H'" is the kth subcarrier’s channel transfer function between the gth receive an-

tenna and the pth transmit antenna,

E is the average energy allocated to the kth subcarrier across the transmit anten-

nas,

fe is the CFO normalized by the inter-carrier spacing, and

N is the total number of sub-carriers for each transmit antenna.

After establishing proper frame (symbol) timing, removing the cyclic prefix and taking
FFT on the time-domain samples, the received baseband frequency domain signal at the

gth RX antenna reads
N

-1
ri = Z b9[n]e I k/N 4 pd
n=0

Mp N—
= Z Z nHAPVW,
=

E

- Zyk fe’ap Hq’p)—i_ q= 1727"'7MR' (43)

where b9[n] is the “folding window signal” fromall transmit antennas.

Fig. 4.1 plots the transmission channel model for the gth receive antenna with
respect to Mrp transmit antennas. Comparing the above equation with (2.13), we find
that to apply the joint FDC method to solve (4.3), we will have a trellis with the number
of trellis states equals to M?L*MT gince we now have to consider all transmitted data

streams from all transmit antennas.

4.3 MIMO-OFDM Channel Estimation

Rewriting (4.3) in matrix form (for ¢th RX antenna)

M7 71790 p
o Wl 21 Ho ng
q 0 ZN+1 S Mr qup p n?
(] . . ) . p=1 1 1 (4 4)
: Wi W
Tgil N-—1 0 ZMT qu aN ) n(]]\/'fl
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TX, Channel

. between TX and RX
: :
[}
[}
TX
P Channel > Q) RXq
. between TX, and RX
. .
[}
* / AWGN at
RX
TXmr Channel ‘
between TXyr and RX
CFO
between TX and RX
Figure 4.1: Channel medel for the gth receive antenna.
and invoking the substitutions,
vfo= [rgr] iy ] (4.5)
n o= [mfnd o0l ] (46)
T
HY) = [(H))o (HY): -+ (H))n-1] (4.7)
" My My My T
= S mgra S Era Y HP (48)
| p=1 p=1 p=1
I fe fe
Wy e WL
F = P : (4.9)
fe fe
W, e W
we obtain
r’ = FHY +n. (4.10)
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Assuming the data sequence and the CFO are known, we first compensate for the CFO

through the LS estimate

q g q g T
H), = () (H)): - (H))yo |

= (FAF) " 'FHye (4.11)

The kth subcarrier over Mg receive antennas reads

~ Mp

(Baee = [(B)er (e - (EY)] (112

Ak,t = [allc,t a%,t Q%T]T (4~13)

where the index 1 <t < M denotes the tth OFDM symbol of an M-symbol block that
suffer from the same flat (block-)fading.

Stacking up the M received frequency domain symbols we have

(Ha))l = Hi Ay (4.14)
where
(Ha)p = [(FLOGEHL) 2 (FLa)k 0]
A = [Ap1,Ara, o Apul (4.15)

and ﬁk is the M x My complex channel matrix for the kth subcarrier.

Finally, the channel matrix can be estimated by

A~ A~ - - _H _
Hy = (Ha), A, (AA,)™ (4.16)

on the premise that the rank of Ay, the “over symbols data matrix at subcarrier k" is
greater than Mp. In other words, one has to sent at least My OFDM symbols over the
same flat fading block (a coherent time) in order to obtain a proper channel estimate

129].
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4.4

An Iterative Joint FDC Estimation Algorithm

Based on the above discussion, we suggest an iterative joint FDC estimation algorithm

as follows.

C.1

C.2

C.3

C4

C.5

C.6

C.7

(Channel estimate initialization) Set Ho to be the channel estimate from the

previous OFDM symbols.
(Frequency Estimate Initialization) Set the initial estimate f, = 0.

(Starting the FD iteration loop) Use current channel estimate for the frequency-
data sequence iteration loop. Calculate the channel frequency response compen-

sation matrix F = [IW/*] based on (4.9) and current frequency estimate f,.

(Compute the tentative data estimate) Given the observed sample vector r defined

by (4.5), perform the Viterbialgorithm withthe branch metric
2

A= (4.17)

MT
& =5 4,P
TZ_Zyk(feaava )
p=1

to find a conditional optimal data sequence éstimate a

(Update the frequency estimate) Update the CFO estimate by minimizing the cost

function :
2
(4.18)

MT
=D uklfea’ HY)
p=1

(Convergence check and end of the FD loop) If the new CFO estimate f. is close
to the previous estimate, i.e. absolute difference is less than 107%, then stop the
current FD iteration and release the new estimates a and fe; otherwise go back to

Step 3.

(Channel estimate update) Compute a new channel estimate Hy using (4.16)

based on the current estimates fe and a.
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C.8 (Convergence check for the channel estimate) If the new channel estimate Hy is

close enough to the previous estimate, more specifically, if

2

Hy — H,
‘7 <1

Hy

then stop iteration and release the most recent estimates. Otherwise, go to Step

3.

4.5 Numerical Experiments

The simulation parameters and environments used in the following paragraphs are
identical to those used in the SISO-OFDM system simulations, except that we now have
M7 x Mpg independent channels. The BER performance of the iterative joint FDC es-
timation algorithm for the 2 x 2 configuration is given in Fig. 4.2. For comparison
purpose the SISO performance curve is shown.in the same figure. Clearly, the spatial
diversity does pay off-with a gain of more than 4 dB-for BER < 10~2. The MSEE per-
formance of the corresponding frequency estimate is plotted in Fig. 4.3. Similarly, we
find that more receive antennas leads to better performance due to the MIMO diversity
gain. Fig. 4.4 shows the effect of the channel estimate on the BER performance. These
curves indicate that, as expected, the model-based channel estimation still outperform

the LS channel estimate for MIMO-OFDM systems.
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Figure 4.2: BER performance of MIMO- and SISO-OFDM systems using iterative joint
FDC estimate (f. = 0.2). :
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Figure 4.3: MSEE performance of CFO estimates in MIMO-OFDM systems for 2 x 2
and SISO configurations (f. = 0.2).
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Figure 4.4: Effect of the channel estimate on the MIMO-OFDM system’s BER perfor-
mance (f, = 0.2).
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Chapter 5

Conclusion

We have presented iterative joint estimation and detection algorithms for OFDM
systems in various scenarios. An iterative joint frequency estimation and data sequence
detection algorithm is first given for AWGN channels. By incorporating a proper chan-
nel estimation method, we then provide an iterative joint FDC estimation algorithm
for SISO-OFDM systems. Some refinements for enhanced performance and complexity
reduction are suggested. Finally,swe extend the'our joint FDC estimation algorithm to
MIMO-OFDM environments. Simulation-based.on a eandidate IEEE 802.11n standard—
the Tgn Sync (Task Group n) proposal—is provided to validate various joint estimation
and detection algorithms. The corresponding numerical results do prove that the pro-
posed solutions are both practical under the assumed channel conditions. Our solution
can operate in the blind mode if the initial CFO is less than half of a subcarrier spacing.
Otherwise, we can use the preamble (like the 802.11n case) to reduce the CFO to within
the desired range. Our proposal can then be used for subsequent data detection and

CFO/channel tracking in time-varying channels.
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Appendix A

802.11n PHY Specification

For convenience of reference, we present in this appendix some signal specifications of

the 802.11n standard that are used in our simulation.

A.1 MIMO data path overview

The general data path for MIMOQO.transmission is.shown in Figure. A.1 The FEC

F iFFT
I r::qlljency Constellafl 64 tones in 20MHz Insert GI RE
nterleaver onstellation nser
m— =P 56 populated tones — -
across 52 Mapper PP window BW ~ 17MHz
data tones 52 data tones
; 4 pilot tones
Q ) —_
—> & 3 é 2
2 5 = &
Fr e iFFT
I [eq?e <y Constellati 64 tones in 20MHz Insert GI RF
nterleaver onstellation nsel
—> — . > —>
across 52 Mapper 36 populated tones window BW ~ 17MHz
52 data tones
data tones X
4 pilot tones

Figure A.1: The MIMO datapath of the IEEE 802.11n standard.

architecture has a single encoder. For the convolutional code (CC), the mother code
is rate 1/2 with industry-standard generator polynomials, go = 133g and ¢; = 171s.
Encoded bits may be punctured to produce code rates 2/3, 3/4 or 5/6. For the LDPC
code different code rates are produced within the encoder and external puncturing is
not applied. Processing of bits following encoding/puncturing is identical for both CC
and LDPC.
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The punctured bits are then distributed to Ngg spatial streams via the spatial stream
parser. For each spatial stream, blocks of bits that map to a single OFDM symbol are
interleaved.

Interleaved bits are then mapped to QAM constellation points. The mapping may be
BPSK, QPSK, 16 QAM, 64 QAM or 256 QAM.

The next step is the antenna map transformation. This transformation maps Ngg spa-
tial streams to Np, transmit antenna streams.

After the antenna map, antenna streams are transformed to the time domain via the
IFFT. The cyclically extended GI (guard interval) is added. Finally, time domain win-
dowing (not shown) is applied to create a continuous time-domain signal, and analog

and RF processing yields the signals that are applied to transmit antennas.

A.2 High Throughput;(HT) PHY layer convergence
protocol (PLCP), preamble

The functions performed by the preamble’include:
1. Start-of-Packet (SoP) detection
2. Automatic gain control (AGC)
3. Coarse Frequency Offset Estimation
4. Coarse Timing Offset Estimation
5. Fine Timing Offset Estimation
6. Fine Frequency Offset Estimation
7. Channel Estimation

The HT preamble in our proposal is a concatenation of the legacy preamble (identical

to 802.11a/g) and a HT-specific preamble, as shown in Figure A.2: Concatenation of
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HT 2?,11\,/[]?5 L-STF L-LTF L-SIG HT-SIG | HT-STF | HT-LTF | esss | HT-LTF HT-DATA
- N -
~ —~
This part of the HT premable is This part of the HT premable is
identical to the Legacy preamble specific to HT reception

an auto-detect of the
HT PPDU is required
at this boundary

Figure A.2: HT Preamble format

the legacy preamble allows PHY layer interoperability with 802.11a and extended rate
PHY (ERP)-802.11g modems.

A HT receiver does not know a,priori whether it is receiving a legacy PHY protocol
data unit (PPDU) or a HT PPDU. Hence, a HT receiver has to perform an auto-detect
after the legacy signal field (L-SIG) as to whether a HT-SIG is being received or legacy
data (L-DATA). Our preamble format includes two provisions for auto-detecting the
HT-SIG: (a) transmitting the HT-SIG as a BPSK signal on the quadrature axis instead
of the in-phase axis, and (b) inverting the pilot polarity in going from the L-SIG to the
HT-SIG.

The legacy part of the HT preamble allows a legacy receiver to properly decode the
L-SIG. A HT receiver shall also perform functions 1 through 7 (SoP to Channel Esti-
mation) to successfully decode the HT-SIG. It is anticipated that functions 1 through 4
(and perhaps function 5) are performed by the legacy short training field (L-STF), and
functions 5 through 7 are performed by the legacy long training field (L-LTF).

Since a HT device (in our proposal) shall support multiple transmit antennas, the legacy
part of the preamble can either be transmitted from one antenna or from multiple an-

tennas. If more than one antenna is used for transmission, it is recommended that the
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signal be shifted in a cyclical fashion across the transmit antenna array. This technique
introduces cyclical delay diversity (CDD), and it tends to reduce the ”effective” length of
the guard interval, as seen by a legacy device. Hence, the total shift across the transmit

antenna array should be limited to 50ns.

A.3 Basic MIMO PPDU format

The HT Physical layer defines a PPDU format that provides interoperability and coex-
istence with 802.11a stations and with ERP-OFDM stations of 802.11g at the link level

without protection mechanisms. Figure A.3 shows the PPDU format for the basic

LENGTH | MCS | Advanced | Sounding | Number | ShortGI | Scrambler | 20140 | cre | Tail
12bits | 6bits | coding packet HTLTF Init Lo | soits | 6vis
1 bit 1 bit 2 bits 1 bit 2 bits it
Legacy PLCP Header
RATE | Reserve | LENGTH | Parity | Tail PSDU Tail Pad
4bits | 1bit 12bits | 1bit | 6bits 6 bits Bits
Coded OFDM Coded OFDM: Coded MIMO - OFDM
BPSK, r=1/2 BPSK, r = 1/2 Using RATEX indicated in SIGNAL.X
L-STF L-LTF L-SIG HT-SIG HT-STF HT-LTE —| HT-LTF DATAX1 TxAnt.1
| Sus | Sus dus Sus 2 ¢ e dus Variable Number of OFDM Symbols
HT-STF HT-LTF | HT-LTF o DATAX2 TxAnt.2
by, 158 s Variable Number of OFDM Symbols
HT-STE HT-LTF HT-LTF DATAXN TxANtN 1
24us 72us 4us Variable Number of OFDM Symbols

Figure A.3: HT Preamble format

L-STF is the Legacy Short Training Field. L-LTF stands for Legacy Long Training Field.
L-SIG is based on the Legacy SIGNAL field.

The HT-SIG field is the signal field dedicated to the HT mode. The structure of
this field is the same as the L-SIG. Since our proposal supports interoperability between
HT devices and legacy OFDM devices at the PHY layer, a HT receiver will not know a
priori whether a legacy packet or an HT packet is being received. That determination
can only be made after the L-SIG. Our proposal supports two mechanisms for signaling
a HT transmission: (a) send the HT-SIG as a BPSK signal on the quadrature axis,

instead of on the in-phase axis, and (b) invert the polarity of the pilots in the HT-SIG
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with respect to the pilots in the L-SIG. These two mechanism allow an auto-detect of
a HT transmission. Note that the pilots in the HT-SIG are not transmitted on the

Quadrature axis.
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