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Aims and General Outline

Aims:

[0 To present data-aided and (semi-)blind CFO estimation algorithms
for OFDM

[1 To give a unified framework for several existing algorithms
General outline

[1 Motivation and context
[1 Null-subcarrier-based CFO estimation

[J Blind CFO estimation exploiting data properties
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Motivation and Context

[1 High data rates (up to 54 Mbps) with Coded-OFDM
« TEEES02.11a, HIPERLAN/2, MMAC: DAB, DVB

[1 OFDM turns frequency-selective to flat fading channels
» Timing-Offset (TO) as a pure-delay channel

[1 Low-complexity equalization and easy decoding
* convolutional coded OFDM (across subcarriers)

[0 Challenges

[1 Non-constant modulus = large peak-to-average power ratio

[0 Sensitivity to Carrier Frequency-Offset (CFO)
[J Inter-Carrier Interference (ICI)
1 At E;/Ny = 19dB: CFO /subcarrier spacing = 1.26%
—> SNR degradation 10 dB
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Part 1: Null-Subcarrier-based CFO Estimation

Outline

Signal model

Deterministic ML estimator

Identifiability issues

CRB and optimal placement of null subcarriers
Performance analysis

Repetitive Slot-Based CFO Estimation
Comparisons

Summary
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Signal Model

Cychc Prefix
Insertlon IFFT p / S
of NSC Insertlon

max order L

[1 NSC insertion: T,. : K cols of a N x N permutation matrix

0, (n_pr, I
[0 CP insertion: T, = [ Lx(N—-L), *L

In
0 Transmitted block: wep(i) = TepFRTscs(1)

[J Input-output relationship (N > K, P =L+ N)

Tep(n) = €790 317 h(Duep(n — 1) + wep (1)

Goal: Estimate CFO w, based only on knowledge of

T,. without channel state information

N J
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~
Signal Model (2)
[J Received blocks
Top (i) = 7" "D p(w,) [Hiu(i) + Hyu(i — 1)] + w(s)

where Dp(w,) = diag(e?*¥° k=0, ...,P — 1)

[ Discard CP to avoid IBI: using Ry := [Onx(p—n), IN]:
R.,H, =0, R.,Dp(w,) =Dy(wo)Rep, RepD(wo)Hs =0
[] Channel matrix: H; Toeplitz = H, = R.,H;T,, circulant; so
FyH.FY == diag(Hy - - Hy_1) =: Dy
where Hj, = Zszo he exp(—j2nlk/N)
J
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Signal Model (3)

[1 Received blocks after CP removal

(i) = Repxep(i) = e PDy(wo)FED T 5(i) + w(i)

[1 Perform FFT:

&(i) = Fya(i)
= P [F Dy (wo ) FRE] Dy Tses(i) + (i)

. 7

diagonal?

= Dy Tes(i) + @)  iff we =0

[0 — CFO causes ICI; degrades BER

N J
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Signal Model (4)

[0 After discarding CP, but before FFT (dropping block index)

p(k) = Y Hpspe??™ 0 ve)l/N (k) k=0,..,N—1
ncA
® v, = N%2 is unknown CFO ; —N/2 < v, < N/2 s, unknown
data symbols
e ACN ={-N/2+1,...,N/2} : active sub-carriers
Z =N —A: set of NSC’s

[
a(k) = ZHnsnejz’Tk"/N
neA
z(k) = a(k)exp(j2nké,/N) + w(k)

e Estimate CFO in additive + multiplicative noise
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Deterministic ML Estimator
[1 Treat «,, := H, s, as non-random unknowns
[1 Receiver knows NSC set
x=D(v,) P4 ¢ + w
D(v,) = diag{l,el? /N i2r(N-Lvo/Ny
d, = FNT,,
T
a = |[Qp, o Qny | nge A, £=1,...,N,
N J
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Deterministic ML Estimator (2)

[1 Gaussian Problem. Concentrate LLF wrt «,,’s:

U, = argmax Z r(T)% (1)e 32 TV/N
N—-1—71
r(r) = v (k)ylk+71)=1r"(—7)
k=0
1 27nT /N
Ya(r) = e’
N
ncA

[0 Peak-pick windowed correlogram; window dictated by A.

0 Ny, =N = ¢4(7) =90(r) = CFO is not identifiable
— Need NSC'’s

J
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e Interpretation of DML

[0 MLE maximizes J4(v) or minimizes J, ()
U, = argmax J,(v) = argmin J, (v)
where

)= | Xw+n)? L) =) [X@+n)

necA nez

with X (f)=DTFT of =

[J Peak-pick (null-pick) sum of shifted periodograms
[ ©: frequency shift that minimizes total energy at NSC’s

J
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Identifiability Issues

e Identifiability study assumes noiseless case

[ Identifiability is guaranteed ift

D(v,)Paa —DW)Pyalls # 0 Vv # v,

[0 Equivalently J(v) < J(v,) where
J) =a™ GAlv —1,) a

with
G(e) = TEFDM(¢)F*T,,

0 J(v,) = |a|?
[1 Channel zeros «,, = 0: it suffices to have N, > L + 1

J
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Identifiability Issues (2)

[1 Ambiguity due to number and location of NSC’s

[0 Global maxima of J(v) at v = v, + m; unique global at m=07?

[ For v = v, + m, G4 is diagonal of ones and zeros

0 J(m+vo) =3 p,caln,gn, (m)|*

[0 If for some m # 0, gn,(m) # 0 whenever a,,, # 0:
— Identifiability lost

[0 Identifiability is restored in (—M/2, M /2] by choosing A st.
Vm € [1, M/2], gn,(m) = 0 for at least L 4+ 1 values of 7, n; € A.
(because channel has a maximum of L zeros)

J
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Identifiability Issues (3)

O Let P(m) :={ny : np, # ng + m,n,,ni € A}. Need P(m) > L+ 1,
for 0 < |m| < M/2

[1 For consecutive NSC, P(m) = min(m, N,, N,). With m =1 —
L =0 — VSC-based estimator is viable only for AWGN channel.

0 If M > 2, need min(N,, N,) > L.

[J For equi-spaced NSC’s, CFO is uniquely identifiable in
(-N/2N,,N/2N,),if L< N, < N — L.

[J For equi-spaced active sub-carriers, CFO is uniquely identifiable in
(-N/2N,,N/2N,),if L < N, < N — L.

[J For NSC with distinct spacing, CFO is uniquely identifiable in
—-N/2,N/2)if L+1< N, <N — L.

N J
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Identifiability Issues (4)

U If the number of consecutive NSC N, > L, the number of equispaced
NSC N,, > L and the spacing between the equispaced NSC' is
M > L, then the CFO 1s uniquely identifiable in the entire

acquisition range (—N/2, N/2| regardless of the channel zeros.
N

A
A\

Nwv/2 M M M M Nwv/2

[1 Tradeoffs between acquisition range, performance, maximum

tolerable delay spread.

[ Identifiability conditions are relaxed if multiple blocks used and
null-subcarrier hopping is performed.

N J
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CRB and Optimal Placement of Null Subcarriers

e Conditional CRB (CCRB)

[ CCRB treats a,, = H,,s,, as non-random unknowns

2 Na —1
CCRB4(v,) = 8:2N [a”(l)ﬁQ (I — WM) Q@Aa}

Q = N3/2diag{0,..., N — 1}
Py=F"T,, T, =°,40%

[0 If no NSCi.e. N, = N — CCRB(v,) = 0.

[0 CCRB is channel-dependent.
N J
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CRB and Optimal Placement of Null Subcarriers (2)

e Modified CRB (MCRB)
0 Rayleigh fading Ry = E{hh*}.
0 ap = H,s,; S = diag{s,,n € A}; R, =SR;S#”

[J Channel-independent CRB:

1/(87*N)
MCRB4(v,) =
CliBalve) = 1 R-1QrRQ - Q7]
where
R = & R,®% +0°1

[1 Blind case: reasonable to assume R, diagonal

N J
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[1 — MCRB is a function of A: # and placement of NSC'’s:
1/(87%Nn)
T {Q?) - T {V.4QUAQ)

e 1= N,v?/(N,+ N7) is channel-independent
e v= E|H,|?/0? is the average SNR

MCRB4(v,) =

[0 The optimal (in the sense of minimum MCRB) placement of a fixed
number of active sub-carriers, N,, 1s given by

N-—-1

* . 2
A* = arg min Z Kl a(k, )]
k,0=0
For N, < N/2: equispace active sub-carriers
For N, > N/2: equispace null sub-carriers
Average performance improves with # NSC’s N, = N — N,

N J
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CRB and Optimal Placement of Null Subcarriers (4)

MCRB for different NSC placements; N, = 4; one block

NZ:4NSCS

100 T T T T T T T T T
...~ consecutie []
....................................................................................... —#k— Distinct J
—=— Distinct—max ||

...................................................................................... Equi-spaced |

N # sub-—carriers
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Performance Analysis
10° ———— I N S I R I
o e Consecutive NSC §
N —e— Equispaced NSC
P 1 N —v— Distinctly Spaced NSC |
10
210
(] q
E
o
7 10 1 OFDM block
o N = 64
210 N, = 54
N, =10
10” Vo € [-2,2)
L =28
10—65 E {|hl|2} — e0-2!
Distinct:
1,2,4,7,....56
J
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Performance Analysis (2)

10"
o T T oonsecutive NSC |

e o= optimal NSC
-—-- Minimum MCRB

(7))

Q

©

E

17

()]

O

LL

(@)

©

% )
p=

10_4 | | | | | | |
2 4 6 8 10 12 14

Number of null-subcarriers

1 OFDM block
N =16

L=4

E{|hl|2} — 60.2l
Vo € [-2,2)
SNR = 15 dB
QPSK

J

M.

Ghogho  Leeds University



Estimation Theory for Wirelss Communication, 24-28 Oct 2005, Paris 21
4 ™
Repetitive Slot-Based CFO Estimation

Motivation: CFO acquisition not requiring channel estimation

T ransmitted identical slots

Channeael

[1 J identical slots obtained by nulling all carriers not multiples of J
e u := F¥ s made of J identical slots (N = JQ)— u(k) = u(k + £Q),
k=0..0Q—-1;, £=0..J -1

— z(k+0Q) = z(k) T 4wk +10Q)

2(k) = RN (k )u

N /
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Repetitive Slot-Based CFO Estimation (2)

[1 We ignore the dependence between z and v. Nonlinear Least
Squares Estimator (NLLS):

J-1Q-1 | ;
{VrEP, 2} = mlnz Z‘ (k+£Q) — z(k )632771/£/J
"% =0 k=0
Q-1
—  Dppp =argmax Y &, (k)
-
1 J—1 2
— —j2mlv/J
Eu(k) = 5 ;:;e 1250/ 1 (e 4 Q)

[] Acquisition range increases with J: —% < VUrpgpp < %

J
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Repetitive Slot-Based CFO Estimation (3)

[1 NLS estimator can be rewritten as

J—1
I)REP — arg max Z Re [r(mQ)e—j2ﬂ'mu/J
m=1
M—71-1
r(T) = Z z* (k)x(k + 1)
k=0

[0 if J =2, — closed-form solution (Schmidl/Moose algorithms)

VREP = %arg{r(N/2)}

[ if J > 2, — no closed-form solution...
N J
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Repetitive Slot-Based CFO Estimation (4)

e Relationship between DML and NLS estimators

[J Repetition of identical slots: VSC absent

OK={mJ, m=0,....M/J — 1} and
K
Vi (1) = M(S(T—mQ) m=0,+1,£2, ...
[1 The repetitive slot-based and NSC-based are identical:

VREP = UNSC

if no VSC (consecutive NSC dictated by system design)

N J
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Repetitive Slot-Based CFO Estimation (5)

e Relationship between DML and NLS estimators (cont.)
Plot of ¢(7); N = 64;15 VSCs

O VSC absent
: x VSC present
1r ® : S : R
0.8 i
J=2
— 0.6r o N
-
=
0.4 .
X X R 3
0.2} L i
R 3 R 3 R 3 R 3
_02 i i i i i i
10 20 30 40 50 60
1
N J
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Repetitive Slot-Based CFO Estimation (6)
e Relationship between DML and NLS estimators: J=4
Plot of ¢ (7); N=64; 15 VSCs
| | | | x IVSC presént
O VSC absent
o| SSRTPRRTPRR AR ® ® ® -
1 -
A
OB -
=
=04 -
-0.2 i x i 8 b4 | b_4 x i X |
10 20 30 40 50 60
1
J
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Repetitive Slot-Based CFO Estimation (7)

e Relationship between DML and NLS estimators: J=8
Plot of 9 (7); N=64; 15 VSCs

-0.2

x

X X X K K X X X X X X X X X X X XXX X X X X XX X X X X X X

x

x

X X X

X X X

X X X

O VSC absent
x VSC presen

=8

jssscsofsccssosjcesccsolescsssofacsacsaliesccsaofassscsalcssosan,

X X X X X X

X X X

10

20

30

40 50 60
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Repetitive Slot-Based CFO Estimation (8)

e Relationship between DML and NLS estimators: J=16
Plot of ¢ (7); N=64; 15 VSCs

-0.2

® ® ® ® ® ® ® ® ® ® ® ® ® ©® ® -

X X X K. X X X X X X KX X X X X X XXX X X X X XXX X X X X X

jseiesofscoRacsicesicsollesofassofacsicsallesofssofacsoicsslcsolsan,

O VSC absent
x VSC present

=16
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40

50 60
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Repetitive Slot-Based CFO Estimation (9)

e Relationship between DML and NLS estimators: J=32

-0.2

Plot of ¢ (7); N=64; 15 VSCs

O VSC absent
x VSC presen

3OO

J=32
rO 0000000000000 000000000O0O0O0O0O0O0O0O0
10 20 30 40 50 60
1
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Repetitive Slot-Based CFO Estimation (10)

e Relationship between DML and NLS estimators: J=64
Plot of 9 (7); N=64; 15 VSCs

1.6 I .

o VSC absent

x VSC present
1.4\ - .

™
=7 \ '
J=64

0.6} . ]
0.4t -
0.2} ]

O | | | | | |

10 20 30 40 50 60

T
N J
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e Relationship between DML and NLS estimators (cont.)

[J Repetition of identical slots: VSC present
[1 Most of the correlation coefficients contribute to the ML
estimator

[1 Drep consists of using only the (J — 1) highest correlation
coefficients, and is therefore an approximate ML estimator.

[ DML is computationally more demanding than NLS.

[ If J = 2, NLS is obtained in closed-form. If J > 2, no closed-form
expression. Approximations given by the following algorithms.

N J
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e The ‘BLUE’ estimator: optimal combining of the correlations’ phases.

[0 To avoid phase wrapping, the algorithm is based on
p(m) = larg{r(mQ)} — arg{r((m — 1)Q)}]2x

[J Deriving the average (over Rayleigh channel) statistics of the
©(m)’s, the BLUE estimator is

] J <
VREP = 5 > w(m)e(m)
m=1

p: design parameter (optimum value=J/2) and
(J—m)(J—m+1) —p(J —p)
p(4p? — 6pJ 4+ 3J% — 1)
[] The amplitude of the correlations not exploited in BLUE...
N J
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Repetitive Slot-Based CFO Estimation (13)

e Approximate NLLS (ANNLS) estimator

[1 Rewrite the NLS criterion

J—1

> Ir(mQ)| cos(¢m — 2wmu/J)

m=1
¢m: unwrapped phase of r(mQ)

[ Small error approx. sin(¢,, — j2rmv/J) = (¢ — j2omv/J) —
ANLS estimator:

J Yo mlr(mQ)|ém
2 S0 m2|r(mQ))

VREP =

N J
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Repetitive Slot-Based CFO Estimation (14)

e Optimum number of identical slots (cont.)

[1 The repetitive-slot structure-based Conditional CRB:
B 3 1
- 272N(1—-1/J2) SNR g

where we assumed no VSC and |s,,| = 1,Vm and where

CCRB(v)

N/J-1 [
YH = Z n2J ;  frequency diversity decreases with J
o

m=0

[1 Averaged CCRB:

3 1
ACCRB(V) — 27T2N(1 _ 1/J2) SNRE {W—H}

— no closed-form expression

— Monte-Carlo simulations

N J
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Repetitive Slot-Based CFO Estimation (15)

e Optimum number of identical slots (cont.)  Rayleigh channel

Averaged CCRB

—— AWGN

—e— Flat fading Multipath fading

O 10 20 30 40 50 60 70
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Repetitive Slot-Based CFO Estimation (16)

e Optimum number of identical slots (cont.) Ricean channel x = 4

10 " T o SIS ST T ]
T —e= AWGN ]
... ... ... |—e Fattading | ]
....................................................................... L:4 F .-

—e— L=N

Averaged CCRB

O 10 20 30 40 50 60 70

N J
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Comparisons
e MSE vs. SNR, J=4
10_2 .......... | —— . | | . A T T T
Conim ) —— CRB
N e~ MLE
............................................................... —<— NLS |
........................................................... o Approximate NLS |/
8107°
©
£
1%
(b}
@)
LL
@)
©
W,
z10
10_5 i i i i i i i i i
0 2 4 6 8 10 12 14 16 18 20
SNR, dB

N =64, N, =49, L =15, CFO € [-2,2], E{|h|*} = e7%2¢, QPSK
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Comparisons (2)
e MSE vs. # Repeated slots, J
10 I—— S — L " ——
—— CRB B eSS DD
—o— MLE ]
| —se— NLS ..................................................................... i
| —e— Approxima’te NLS | - e e e e =4
—~— BLUE
-og)—-')10_2_,22IﬁIIiIIIﬁIIiIIIﬁiiIIIiIIiIIIiIIiIIIII?IIIiIIiIIIiIIIIIﬁII?III'II,IIIﬁI """"""""""""""""
@ T L T T
g .....................................................................................
5 e T
O =
o | . T
LL
O L
©
TP
S0
10_4 i i i i i i
2 4 6 8 10 12 14 16
J (number of repetitive slots)
/
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Summary

[1 A computationally efficient algorithm
[1 Analytical performance analysis and CRB

[1 Relationship between the repetitive slot-based and the NSC-based
MLE

[1 Equivalent in the absence of VSC’s
[1 NSC is better if VSC’s present

N J
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Part 2: Blind CFO estimation

Outline

[J Constant-modulus algorithm
[l Finite-alphabet algorithm

[J Comparative study

N /
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Constant-Modulus Algorithm

[ Assuming |s,| =1, Vn, wlog
— Hps, = |Hple’; 60, =/H,s,

— z(k) = efZmkve/N Z |H,,|e?% &2 /N L w(k), k=0,..,N—1
ncA

[0 The |H,|’s are parameterized by only (L + 1) coefficients, the h,’s

[0 The H,s,’s are parameterized by only (N, + L + 1) coefficients
instead of 2V, (Ng = card(A))

0 w(k) is assumed AWGN

N J
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Constant-Modulus Algorithm (2)

e Deterministic Max-Likelihood

[0 Treat {|Hy|},{0,} as non-random unknowns

[1 DML criterion

N— 2

(v, |H], 6

6]27T]<31//N E : |Hn|6]9n6327rk:n/N
ncA

e can be rewritten as

(v,|H|,6 Z z(k)” + ) |Hn|* —2NRe
neA

e X(f): DTFT of {z(k)} at frequency f/N

N—-1
_ Z x(k)e—j%rkf/N
k=0

> | HalX (n + v>e~79n]

neA

J
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Constant-Modulus Algorithm (3)

e Deterministic Max-Likelihood, cont.
[0 Setting 0J/06,, = 0,
0, = arg{ X (n + v)}

o If |H,| =0, 6, becomes non-identifiable
e N, > L ensures that H,, 20, Vn € A

[0 DML of {H,,} and v, obtained by minimizing

J(w, H]) = Jvscv)+ Ja(v, H])
ngc(v) = Z|X(n—|—1/)|2 due to VSC
nez
Ja(v,H)) = ) ([ X(n+v)|—|H,)®  duetoCM
ncA
N J
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Constant-Modulus Algorithm (4)

e Non-Dispersive Channel

0 H, = hg, Yn € A. Criterion becomes

Jw,H)) = > [X(n+v)]P+ > (X(n+v)| —|h)’

nez neA
N-—-1

= > [X(n+ )]+ Nalhol* = 2lho| Y [X(n +v)|
n=0 necA

[ DML of CFO:

U, = arg max Z | X (n+v)]
Y necA
[1 VSC-based estimator is equivalently obtained by maximizing the

Lo-norm

arg min Jy g¢ () = arg max Z X (n+v)|?
ncA

N J
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e Dispersive Channel

0 Jysc(v) is not a function of |H|

[0 Ja(v,|H|) should be minimized wrt |H| under the constraint:

L
|H,|* = Z hihie= i3 (=p)n/N
l,p=0

[0 we modify Ja(v,|H|) into

J
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4 )
Constant-Modulus Algorithm (6)
e Dispersive Channel, cont.
00 |H,|* can be re-parameterized as
|H,|? = ci A, necA
¢, = [1, V2cos(2mn/N),---,v2cos(2nrnL/N),
V2sin(2rn/N), - - ,v2sin(2rnL/N)|T
A= [907\/§Re [gl] y 7\/§Re [gL] 7\/§Im [91] y 7\/§Im [gLHT
L—i
g = Y hihy
1=0
N y
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Constant-Modulus Algorithm (7)

e Dispersive Channel, cont.

[] A estimate:

A =argmin J (v, |H|) = CI Y " |X(n +v)|%c, |

A
ncA

o T
Cy = g CmC,, -

[0 CFO estimate: obtained by minimizing J(v) = Jysc(v) + Joum (V)

osow) = Y 1Xt0)% o) = Y (IX(n+0)] - V¥ (m50))

ncz nceA

Y (n;v) = ¢L C} Z X (n+v)|*ey

neA

J
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Constant-Modulus Algorithm (8)

e Dispersive Channel, cont.

[1 The proposed VSC&CM estimate:

U, = arg myin Z (Y(n; v) —2|X(n+ V)\W)

neA

Y(niv) = ECL Y [X(n + v)Pe
nceA

C, = Z cmel (pre — computatble)
meA
N-1

£C
k=0

—j27rk:f/N

1
"N

J
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4 ™
Constant-Modulus Algorithm (9)

e Extension to Multiple Blocks: Time-Invariant Channel

[J Signal model for M blocks: (CFO and fading assumed constant
across the set of blocks)

LEm(k‘) — €j27rkl/o/N Z Hnsm’nejZﬂ'kn/N 4+ wm(k), m = 1, ..,M

ncA
( m(n+v) > 7 (n; 1/)]

21X
Z(nyv) = cZCE Z (% Z | Xon(n + 1/)|2> Cn

neA
N J

M. Ghogho Leeds University

[1 VSC&CM CFO estimate:

UV, = arg min g
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neA
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4 N
Constant-Modulus Algorithm (10)

e Extension to Multiple Blocks: Time-varying Channel

[1 Signal model for M blocks:

a:m(k) _ 6j27rk:uo/N Z Hm,nsm’nejQWkn/N —I—wm(k)
neA

[1 VSC&CM CFO estimate:

Vo, = arg myin Z Im (V)
Inw) = 3 (Ym(n; V) — 2| Xom (1 + )|/ Y (1 y)
nceA
N J
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4 N

Finite-Alphabet Algorithm

[J PSK constellations of size M satisty:

sM =1
— In the noiseless case
L M vr
(X(n+v,)]M =HY = [Z hleWn/N] =Y e TN = ATl
1=0 1=0

o v, =[1,e2™/N ei2nMLn/NIT. . (ML 4+ 1) x 1

N J

M. Ghogho Leeds University




Estimation Theory for Wirelss Communication, 24-28 Oct 2005, Paris 52
4 ™
Finite-Alphabet Algorithm (2)

[1 Proposed criterion:

J(v) = wJVSC( ) -+ (1 —w)Jpa(v,Vv)
J_FA(Z/,V) = Z ’ —’ynV’
neA

o If ML +1< N,, ucan be estimated as:

v=Tt) (X MY

N J
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/

Finite-Alphabet Algorithm (3)

[J The finite alphabet-based criterion becomes

Jra(v Z ‘ M — Z(n; 1/)‘2

neA
o Z(njv) =~ Ty [ X(n+v)My,

— Proposed VSC&FA-based estimator:
Vo = argmin | w Jysc(v) + (1 —w) Jpa(v) |

w: weight parameter to be adjusted. If no VSC, w = 0.

J
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K

~
Comparative Study
e VSC vs CM: performance vs SNR.
MSE of CFO estimators vs. SNR; L =6
I | | —— VSIC—based estilmator
—©— VSC&CM-based estimator

o

Q

g

10_10 1I5 2IO 2I5 3IO 3I5 40
SNR (dB)

N =64, N, =49, CFO in [-2,2] and E {|h¢|*} = 72 8PSK. )
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Comparative Study (2)

e VSC vs CM: unknown channel order.

MSEs of CFO estimates

N =64, N, =49, CFO in [-2,2] and E {|h/|*} = e %% 8PSK.

2

10

MSE of CFO estimators vs. assumed L; actual L = 6

L ....................|—— VSC-based estimator

""""""""""""""""""""""" —— VSC&CM-based estimator: L known
"""""""""" S —=— VSC&CM—-based estimator: L unknown

Assumed channel order

6 8 10 12 14 16 18

J
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4 ™
Comparative Study (3)

e CM versus FA: BPSK case
MSE of CFO estimators vs. SNR; actual L =6

-3

10 ........... | P | P | P | I R I I I ]
G| —o— CM—based estimator (]
"""""""""""""""""""""""""""""""""""" —— FA-based estimator |[]

(%] —

210"

I

£

I7)

@

@)

LL

&)

kS

& -5

= 10
-6

10 Il Il Il Il Il Il Il Il Il
10 12 14 16 18 20 22 24 26 28 30

S N =N, =64, CFO in [-2,2] and E {|h£|2} _ 0.2 )
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4 N

Summary

[ CMA greatly outperforms VSC-based estimators
[J CMA works even when the system is fully loaded
[0 CMA outperforms FA for M-PSK with M > 2

[1 Performance of CM close to data-aided algorithms

[1 Complexity is however greater than VSC and data-aided algorithms.

N J
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