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Context

» Unmanned Aerial Vehicule (UAV)
» Earth observation
» Remote sensing

» Communications Romain Chayot
» Entertainment
» Goods delivery
o . Description
» Must ensure the reliability of the communication system Breombesition
Overall Receiver
with the UAV
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A new
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and CFO
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Figure: Spy'Ranger (©) Aviation Design 2017
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Context

» Command & Non Payload Communication Link by
Sate”ite Romain Chayot
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Constraints

» Non linearities introduced by embedded amplifiers

» Multi-path channels

Romain Chayot
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Choice of Continuous Phase Modulation

» Non-linear modulation;
» Constant complex envelope;
» Robustness to non-linearities introduced by amplifiers
(no need of IBO); et Eeyes
» Good spectral occupancy;
> already in use in satellite communication standards e
(such as DVB-RCS2) or for tactical communications. Oeral Receiver

Motivation

A new
MMSE-FDE
An extension to
Time-Varying
Channels

Motivation
TIV Channel
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Figure: CPM signal in a polar plan (Quaternary CPM, L=2,
h=1/4, RC pulse shape 5/69




Main contributions

Romain Chayot
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Main contributions

» A new Minimum Mean Square Error - Frequency
Domain Equalizer for CPM transmissions over
frequency-selective channels

» Has the same performance as others State of the Art
Equalizers

» But with a significantly lower computational complexity

» Has been extended to a low-complexity "approximate"
equalizer in case of doubly-selective channels
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Main contributions

» A new Minimum Mean Square Error - Frequency
Domain Equalizer for CPM transmissions over
frequency-selective channels

» Has the same performance as others State of the Art
Equalizers

» But with a significantly lower computational complexity

» Has been extended to a low-complexity "approximate"
equalizer in case of doubly-selective channels

» Joint Carrier Frequency Offset and channel estimation
» Compatible with the equalization schemes for CPM
» Reaches asymptotically the Cramér Rao Bound
» can use a parametric model (case of the aeronautical
channel)
» Has been extended to Time-Varying channels
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BICM for CPM

Romain Chayot

Channel
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Overall Receiver

M otivation
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Figure: BICM for CPM signals Channels
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Complex envelope

Complex envelope sp(t) associated with the transmitted

CPM signal:
2E5 . Romain Chayot
(1) =/ exp (82, ) ey

Laurent
Decomposition
Overall Receiver

N—-1 Motivation
where 0(t, ) = 27h E aiq(t —iTy) Zn“”i'f\?ﬁs“.’i =
—0 Channels” =
Motivation
TIV Channe'
estimation
Jogﬁ TIV channel
fs g(r)dr, t < LT, Eicr
and q(t) =
1/2,t> LT,

E is the symbol energy, T is the symbol period, (¢, «) is the
information phase, g(t) is the pulse response, h is the modulation
index and L is the CPM memory.
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CPM parameters

» Pulse shapes
» Gaussian Minimum Shift Keying (GMSK)

» Rectangular (REC) Romain Chayot
» Raised Cosine (RC)
>
Laurent
» with different properties on the CPM signal Overall Receiver
Motivation
05 — Power Spectral Densities comparisons of binary 2-CPM h=1/3 MMSE FDE
-~/ 0 An extension to

Time-Varying
Channels

Motivation
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CPM parameters

» CPM Memory L

Power Spectral Densities comparisons of binary L-RC h=1/3
0

Romain Chayot

Description
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Decomposition
Overall Receiver

Motivation

A new
MMSE-FDE
An extension to
Time-Varying
Channels

PSD(dB)

Motivation
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» When L increases

» Reduces the spectrum occupancy
» Increases the receiver complexity
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CPM parameters

» Modulation index h
> h is generally a rational number h = b k smaller than 1
» p has an influence on the number of state of the CPM
tre”is Romain Chayot
» When h decreases, the bandwidth occupancy is smaller
but the Euclidean distance is smaller too

Laurent
Decomposition

Power Spectral Densities comparisons of binary 2-REC Overall Receiver

M otivation

MMSE FDE
An extension to
Time-Varying
Channels

Motivation

TIV Channel
estimation
Jog\t TIV channel

esnmatlon

PSD(dB)
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Laurent Decomposition

> A binary CPM with non-integer modulation index can be
represented as a sum of linear PAM [Lau86]:

K—-1N-1 Romain Chayot
sp(t) = Y Y akngi(t—nTy) (2)
k=0 n=0 Description
» K is the number of Laurent Pulses Sl e

Motivation

» The non-linearities is within the pseudo-symbols {ay ,}

A new
MMSE-FDE
An extension to

» The PAM decomposition has been extended to M-ary jIimezVanine
CPMs and also to integer indices schemes

Motivation
TIV Channel
estimation

Joint TIV channel
and CFO

{aon}n estimation
- 90(®)

{a1n}n [“‘E;;‘j

S D 50

Ik-1(t)

{aK—l,n}n

]
NON-LINEAR MAPPING
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Features of PAM Decomposition

» Most of the energy is within the first "M-1" components

Romain Chayot

/ A 0,0
08 \

0.7 \ Description
06 \ o
\ Overall Receiver
05 \
\ Motivation

0.4 \ A new
\ MMSE-FDE
An extension to
Time-Varying
Channels

\ Motivation
S/
e A TIV Channel
o 05 1 15 2 25 3 estimation
T Joint TIV channel
and CFO
estimation

Figure: Example: Binary CPM, Averaged REC/RC
(«=0.75), L=2and h=1/2

» Can be used to design low-complexity detector
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CPM Detector (AWGN Channel)
> Received signal: r(t) = sp(t) + w(t)
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CPM Detector (AWGN Channel)

> Received signal: r(t) = sp(t) + w(t)
» MAP Detector using the BCJR algorithm [CBO05]
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CPM Detector (AWGN Channel)

> Received signal: r(t) = sp(t) + w(t)
» MAP Detector using the BCJR algorithm [CBO05]
» Capitalizes on the PAM Decomposition
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CPM Detector (AWGN Channel)

> Received signal: r(t) = sp(t) + w(t)
» MAP Detector using the BCJR algorithm [CBO05]
» Capitalizes on the PAM Decomposition

= ol

(Un—l) ( On )

» Sufficient statistics:

(L+1)Ts
o= / H(t+ nT.)gl (—t)dt
0

(3)
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CPM Detector (AWGN Channel)

v

Received signal: r(t) = sp(t) + w(t)
MAP Detector using the BCJR algorithm [CB05]
Capitalizes on the PAM Decomposition

= ol

(Un—l) ( On )
Description

Laurent
Decomposition

v

v

Romain Chayot

Sufficient statistics:

v

L
o= [ ermgoa ) EEEEe
0

Channels

Motivation
TIV Channel

Branch metric; SOV channel
and CFO

estimation

v

K—-1
2
gn(an—lv Un) X exp ﬁo%{ E rk,naz,n}> 7’['(04,-,)
k=0

(4)
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CPM Detector (AWGN Channel)

» Received signal: r(t) = sp(t) + w(t)
» MAP Detector using the BCJR algorithm [CBO05]
» Capitalizes on the PAM Decomposition
@ »{a } Romain Chayot
n \ ’/ knJy
escription
. L P e
» Sufficient statistics:
= r(t+ nTs)gg(—t)dt (3) e
O annels
TV Channel
» Branch metric: j;*i:j‘";a;‘,a‘(,r"‘":ham,
and CFO
2 Kil estimation
gn(an—lv Un) X exp ﬁ%{ Z rk,naz,n}> 7’['(04,-,)
0 ko
(4)
» Low Complexity Design by taking K = M — 1
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Overall Receiver over AWGN channels

Iterative receiver

® o Le(®) La(©
5 H Deinterleaver }—'
>{ Detection

Romain Chayot

L.(b b
Shanre! -
Decoder

Description
Laurent

Le(0) Decomposition
La(@ Interleaver Motivation
MMSE FDE
L , Anmn
» Non-iterative receiver Channels
» No iteration between the CPM detection and the outer o
TIV Channc|
channel decoder sstimation
. L. ogﬁ TIV channel
» Can result in a non-negligible loss of performance i

» May be optimal in case of "non-recursive" CPM or in
case of "pragmatic CPM" (precoder)
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Contributions

» Equivalences and differences between State of the Art
MMSE-FDE for CPM over frequency-selective channels

» Design of a low-complexity MMSE-FDE for CPM over
frequency-selective channels

» Extension to CPM transmissions over doubly selective
channels
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System Model

» Received signal is the linear convolution between the
transmitted signal and the channel (filtered by a LPF)
» Circularization of the signal by the insertion of a CP or

Romain Chayot

an UW
» Similar to linear modulation up to termination symbols Dt
o . Decomposition
to ensure the phase continuity Bo il e

Motivation

A new
MMSE-FDE

T An extension to
uw [D1D2] uw Time-Varying
1 Channels
\. . Motivation
Cata Termination TIV Channel
estimation
JoiJ1t TIV channel
and CFO
estimation
T T T
D2 2 D1 | 1 D2 )

copy
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System Model

» Circular convolution between the channel and the
transmitted over-sampled complex envelop

rin] = h[m]s[mod(n — m, kN)] (5)

Romain Chayot

Description
Laurent
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A new
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Til -V
rh ] Hmeanie

| uw | DATA | uw |
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| DATA | uw |
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MMSE-FDE for CPM over TIV channels

» Optimal receiver
» Joint channel equalization and data detection
» Prohibitive complexity Romain Chayot
» Separation of channel equalization and data detection
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MMSE-FDE for CPM over TIV channels

» Optimal receiver
» Joint channel equalization and data detection
» Prohibitive complexity Romain Chayot
» Separation of channel equalization and data detection

» Frequency Domain Equalization (FDE) Description
» Complexity does not depend on the channel delay span S
» Can achieve low complexity structure (linear
modulation) ﬁ",{‘r;'g"f;ﬁs??'i to

Time-Varying
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MMSE-FDE for CPM over TIV channels

» Optimal receiver
» Joint channel equalization and data detection
» Prohibitive complexity Romain Chayot
» Separation of channel equalization and data detection

» Frequency Domain Equalization (FDE) Beneription
Laurent
» Complexity does not depend on the channel delay span Overall Recever
» Can achieve low complexity structure (linear
. A new
modulation) R extraton ¢o
Time-Varying
» State of the Art MMSE-FDE Channels
» Channel and Laurent Pulses Equalizer (Pancaldi) Metivation
» Channel Equalizer (Van Thillo) S5t TV channel
and CFO

estimation

» Equivalence

26/69



MMSE-FDE for CPM over TIV channels

v

Optimal receiver
» Joint channel equalization and data detection
» Prohibitive complexity
» Separation of channel equalization and data detection
Frequency Domain Equalization (FDE)
» Complexity does not depend on the channel delay span
» Can achieve low complexity structure (linear
modulation)

State of the Art MMSE-FDE
» Channel and Laurent Pulses Equalizer (Pancaldi)
» Channel Equalizer (Van Thillo)
» Equivalence

Contribution

» A new exact low complexity MMSE-FDE
» Complexity in O(Nlog(N))
» Same performance as the others equalizers

v

v

v
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Receiver Structure

Romain Chayot

Le(b) Description
N CcPM Le(@) La() [ Channel Laurent . .
r(t) PF —{ Equalization 3 X > Decomposition
i Removal | J Detection Decoder Gl Ry
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O
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Channel and Laurent Pulses Equalizer (1/2)

» Fractionally-spaced representation of the signal

nT,
k
sp(t) r(t)

w(t)

Romain Chayot

KRy

r
Description
Laurent

Decomposition

> \U(t) ideal LPF Overall Receiver
» Received signal in the FD: MIE.FDE

An extension to
Time-Varying
Channels

R= HL B,y + W = MByy + W (6) |
TIV Channel
est_|mat|on

Joipt TIV channel

134

estimation

> Equalizer given by D, _ = IMTIMOM" + 5215 L

B = JM"[MOM" 1 52y IR (7)
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Channel and Laurent Pulses Equalizer (2/2)

Interest:

> If only one LP is considered, similar to [TSO05] Romain Chayot

» Similar to a Fractionally Spaced Equalizer (taking into
account the correlation of the pseudo-symbols)

Description

Laurent

» Main issues: Overall Receiver
» Full auto-correlation matrix of the pseudo-symbols
vectors ® to inverse Z",?"fx'fjs[.’o'f. o
= . Time-Varying
» Requires a non-conventional CPM detector Channels
Motivation
TIV Channel
estimation
R ~B b Jogﬁ TIV channel
. ] H—f :Z:IL!:: 5 Slmation
r(t) N—f S/P Equalizer % 5
P SIS
ﬁ‘ﬁﬁ__7ﬁff__1%47* e
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Channel Equalizer (1/2)

» Polyphase representation of the signal

Romain Chayot

; mn

A r(t) 8 ot

$5(®) = he () —P—{ () e
"o w5 S

Decomposition

Overall Receiver

» Received signal in the FD:
MMSE FDE

An extension to

Time-Varying

BP = gp épﬁ +mp — gpgp + ﬂp (8) Channels
—

Motivaﬁion |
TIV Channe
és estimation
=P Jogﬁ TIV channel

estnmatlon

» Equalizer given by

H H ., 2
G=R, HH R, H +onl,, |
H H, 2 1
S, =Ry HY[H R H"+o2, 'R, (9)
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Channel Equalizer (2/2)

> §SS,p non diagonal matrix

» Due to the polyphase representation, its Time-Domain
counterpart is NOT a circulant matrix:

Romain Chayot

_ H
res,p = Els,s] Description

we(0) A2 @) . mEN—2) A1) BB) . SN -1) A
¥ Decomposition

_ res(2) rss(0) r:s(2) 000 I’:S(ZN —4) rss(3) res(1) c ’;(ZN —-3) Overall Receiver

o a a 5 5 5 o a a A new
= MMSE-FDE

rss(0)  rss(2N —2)  rss(2N —4) ... rss(2)  rss(2N — 1) (2N —3) ... res(1) -'?‘-?mee{t\?:f}i?""gm
rss(2) rss(0) rss(2N —2) ... rss(4) rss(3) rss(2N — 1) ... rss(3) Channels

Motivation
TIV Channel
estimation

Joint TIV channel
and CFO
estimation

» Conventional CPM Detector

Equalizer
GMMSE

Detection

Front-end T
ront-en
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Equivalence

Romain Chayot

» Both MMSE-FDE (same sampling rate...)

» Should have the same performance Description
Laurent
0 o~ Decomposition
» Channel Equalizer: S = GR OverH (R e Ty
» Channel and LP Equalizer: B :QLEB MASE-FoE
p— n extension to
. Time-Varying
» . — Channels
Link between them: gMMSE épQLE
~ o~ Motivation
» Therefore S=L B T Channel
—p JoiJw TIV channel
and CFO

estimation

» Strictly equivalent up to a proper linear post-processing
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Limitation of the previous equalizers

Romain Chayot

» Both uses the circularization of the channel: A
Laurent
» Channel matrix diagonal in the FD S e ever
» But time-averaged auto-correlation matrix NOT
diagonal ﬁ/ll\r;les‘AI’E—F[_)E
n extension to
> Still have an important computational complexity e M
» Does NOT exploit the circularization of the signal Mosivation

estimation

Joint T1V channel
and CFO
estimation
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A new MMSE-FDE

Romain Chayot

» Also a MMSE - Frequency Domain Equalizer
» We use the Fractionally-Spaced Representation Description
. . Decomposition
» We achieve the same performance than the previous Overall Recciver
MMSE-FDEs Motivation
» No approximation is made ?Em‘:.‘\/‘l:fy“a’n"g“
> ... but with a significantly lower complexity
Motivation
» "One-tap" MMSE-FDE P S
DnQ 0 D 0 Jo:;tc?;gl channel
» by exploiting the circular properties of the signal and CPO
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Circularization of the signal

» Equivalence between the circular convolution and the
linear convolution

» Over a finite-time observation, equivalence between this
circular convolution and a linear convolution of h and a
periodic version of s

» By considering this periodic version of s, the Euor:t::m
time-averaged auto-correlation function of s is periodic

Romain Chayot

Overall Receiver
Motivation

An extension to
Time-Varying
Channels
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Circularization of the signal

» Equivalence between the circular convolution and the
linear convolution

» Over a finite-time observation, equivalence between this
circular convolution and a linear convolution of h and a
periodic version of s

» By considering this periodic version of s, the E“on:,‘:m
time-averaged auto-correlation function of s is periodic

Romain Chayot

Overall Receiver

Motivation

An extension to
Time-Varying
Channels

Motivation

TIV Channel

o estimation

03 Joint T1V channel
i [ all and CFO

estimation

20 T @ £ 0 £ 240 250 0

uw DATA | uw DATA

Figure: Periodization of the time-averaged auto-correlation
function
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Derivation the equalizer

» r__is the time-averaged discrete auto-correlation
function of the over-sampled complex envelope of the
transmitted CPM signal

Romain Chayot
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Derivation the equalizer

>r_is the time-averaged discrete auto-correlation
function of the over-sampled complex envelope of the
transmitted CPM signal
» also periodic Romain Chayot

ra(h) = rss(=1) = rss(kN = 1)

v

> r_is circulant ystem
> BSS is diagonal, by DFT properties (as H) bzzg‘,:.rfmmo,.
* - Overall Receiver
[ 1s(0) ra(1) (2 .. ra(kN —1) Motivation
res(1) rss(0) ree(1) oo res(kN —2) An extonsion o
_ rss(2) rss(1) rss(0) .. re(kN —=3) Channels
- : : : : Motivation
: - - ' ' L
rss(kN — 1)  res(kN —2)  rs(kN —3) ... rss(0) Joipt TIV channel
(11) estimation
[ re(0) res(kN — 1) r(kN —2) ... rg(1)
rss(1) rss(0) rs(kN —1) ... rs(2)
_ rss(2) res(1) rss(0) .. rs(3) (12)
rss(kN — 1) rss(kN —2)  rs(kN —3) ... rs(0)
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Structure of the equalizer

> J is a diagonal matrix

=MMSE
> "One-tap" MMSE-FDE:

Rss[/]H*[/]

J =

Rss/NIH[/]]? + o3

(13)
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Structure of the equalizer

. . . .
iy B € diagonal matrix

> "One-tap" MMSE-FDE:

Romain Chayot

Rss[/|H*[/]
RsIIH[ + 02 (13) Py

Laurent

J =

Decomposition
Overall Receiver

Motivation

» Use of a conventional CPM Detector

An extension to
Time-Varying

» Has a low-complexity structure without any Channels
approximation Motivation

TIV Channel
estimation

Joint TIV channel
and CFO
estimation

IDFT
IDFT

IDFT .

CPM
Detection

nT, 3 ."."
Front-end I
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Difference with the Channel MMSE-FDE [VT+09]

» Difference in the representation of the received signal

» Using the polyphase representation, the time-domain Romain Chayot
auto-correlation matrix of the over-sampled complex
envelope does not have anymore a circular structure

Description
Laurent
Decomposition

r (14) Overall Receiver
L
— ]Elépél:] (15) Motivation
rss(0)  ree(2)  ris(4) oo (N —2)  ri(1)  ri(3) rec(2N — 1) an ‘X‘\f"s"’" to
res(2)  rs(0)  ra(2) ... (2N —4)  re(3) (1) ... ra(2N—3) Channels 8
Motivaﬁion |
(16) A e

Jogﬁ TIV channel

estnmatlon

> |ts FD counterpart is therefore not diagonal
» Also, the Channel matrix in the FD (gp) is not a
diagonal in the Polyphase Rep.
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Summary and Computational complexity

comparison

Romain Chayot
Notation ‘ Reference ‘ Equalizer ‘ Signal Rep.
LD-FS-MMSE-FDE | [PV06] | B = JM" [MlDM"’ +02hy] 'R FS Description

H ., 2 Lauren

PP-MMSE-FDE [VT+09] g 4 [H R, pﬂp + U"IZN] IEP Polyphase g::::”f,;::.::er
LD-PP-MMSE-FDE | [Cha+17] | B=R,, [PRBBB + a%IZN] 'R, Polyphase
FS-MMSE-FDE [Cha+18] | S = R HH[HR H +o2 Iz/v] R FS pactivaton

_,?_n :xt\7ns|on to

f . - Channe|sy €

Receiver Type ‘ FFTs and IFFTs ‘ Equalizer Calc. ‘ Equalization
Linear MMSE-TDE [PV06] 0 +8N3 +O(PN3) Motivation
LD-FS-MMSE-FDE [PV06] 2Nlog(2N) + PNlog(N) | +8N3 +O(PN3) TIViChannel
PP-MMSE-FDE [VT+09] 2Nlog(N) + PNlog(N) | +8N3 +O(PN?) TR it
Approx. PP-MMSE-FDE [VT+09] | 2Nlog(N) + PNlog(N) | +O(2N) +O(PN) Eimation
FS-MMSE-FDE 2Nlog(2N) + PNlog(N) | +O(2N) +O(PN)

41/69



Summary and Computational complexity

comparison

Romain Chayot
Notation ‘ Reference ‘ Equalizer ‘ Signal Rep.
LD-FS-MMSE-FDE | [PV06] | B = JM" [MlDM"’ +02hy] 'R FS Description

H ., 2 Lauren

PP-MMSE-FDE [VT+09] g 4 [H R, pﬂp + U"IZN] IEP Polyphase g::::”f,;::.::er
LD-PP-MMSE-FDE | [Cha+17] | B=R,, [PRBBB + a%IZN] 'R, Polyphase
FS-MMSE-FDE [Cha+18] | S = R HH[HR H +o2 Iz/v] R FS pactivaton

_,?_n :xt\7ns|on to

f . - Channe|sy €

Receiver Type ‘ FFTs and IFFTs ‘ Equalizer Calc. ‘ Equalization
Linear MMSE-TDE [PV06] 0 +8N3 +O(PN3) Motivation
LD-FS-MMSE-FDE [PV06] 2Nlog(2N) + PNlog(N) | +8N3 +O(PN3) TIViChannel
PP-MMSE-FDE [VT+09] 2Nlog(N) + PNlog(N) | +8N3 +O(PN?) TR it
Approx. PP-MMSE-FDE [VT+09] | 2Nlog(N) + PNlog(N) | +O(2N) +O(PN) Eimation
FS-MMSE-FDE 2Nlog(2N) + PNlog(N) | +O(2N) +O(PN)

41/69



Simulation Results (1/2)

—& PP-MMSE-FDE - 20 iter
—0O- LD-FS-MMSE-FDE - 20 iter
—G~ FS-MMSE-FDE - 20 iter Romain Chayot
5 MMSE-TDE - 20 iter

4= FS-MMSE-FDE - 0 iter
—+— Approx FS-MMSE-FDE - 0 iter
—+— Approx FS-MMSE-FDE - 20 iter Descri

Laure

— T AWGN - 20 iter Decomposition
o Overall Receiver

o -2
w 10 Motivation
m

An extension to
Time-Varying
Channels

Motivation

TIV Channel
estimation
Joglt TIV channel

10

estnmatlon

1074 i %

Es/NO (dB)

Figure: BER over an aeronautical channel
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Simulation Results (2/2)

1
0.9
Romain Chayot
0.8
07 Description
Laurent
Decomposition
0.6 Overall Receiver
" Motivation
0.5
An extension to
Time-Varying
Channels
0.4
Motivaﬁion |
A TIV C
03 w —&— PP-MMSE-FDE estimation
I y:-2 ——LD-FS-MMSE-FDE TR it
0zl @ —4— LD-PP-MMSE-FDE | 1 estimation
—5— FS-MMSE-FDE
04 I I I I I I ] ]
6 4 2 0 2 4 6 8 m 12 14

Es/NO (dB)

Figure: Maximum achievable coding rate for the different
MMSE-FDE over a generic frequency-selective channel
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An extension to Time-Varying Channels:
Motivation

» CPM transmission over Time-Variant (TV) channels Romain Chayot
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An extension to Time-Varying Channels:
Motivation

» CPM transmission over Time-Variant (TV) channels

rll] = r <’kT> = s[mlhll;l—m]+wl[l]  (17)
» State of the Art [Dar+16]

» MMSE Time-Domain Equalizer
» Complexity growing with the channel span
» Capitalizes on the Laurent Decomposition
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An extension to Time-Varying Channels:
Motivation

» CPM transmission over Time-Variant (TV) channels

rll] = r <’kT> = s[mlhll;l—m]+wl[l]  (17)
» State of the Art [Dar+16]

» MMSE Time-Domain Equalizer
» Complexity growing with the channel span
» Capitalizes on the Laurent Decomposition

» Main Issue for MMSE-FDE

» FD channel matrix is no more diagonal
» Requires higher computation (inversion of full matrix)
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Band MMSE-FDE: Motivation

» Main idea: exploit the band structure of the channel
matrix in the FD ([RBLO6])

= -1())
g ~ QQ - é S g (18) Romain Chayot
E(Q) matrix with 1's only on @ sub-diagonals
o element-wise multiplication Description

Laurent
Decomposition
Overall Receiver

Motivation
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Band MMSE-FDE: Motivation

» Main idea: exploit the band structure of the channel
matrix in the FD ([RBLO6])

H~ QQ = E(Q) oH (18)
E(Q) matrix with 1's only on @ sub-diagonals
o element-wise multiplication

Figure: FD channel matrix from [RBLO6]
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Band MMSE-FDE: Derivation & Procedure
» Linear block MMSE equalizer given by:

_ H H, 24 -1
iMMSE,Q = ESSQQ(Qogssgo +onlyy) (19)
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Band MMSE-FDE: Derivation & Procedure

» Linear block MMSE equalizer given by:

_ H H ., 27 -1
dumse.o = BssHo(HoRssHg + onl,y) (19) |-
. . . Description
» Capitalization on the band structure of J\imse.Q Bt esiion
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Band MMSE-FDE: Derivation & Procedure

» Linear block MMSE equalizer given by:

_ H H 2 -1
Jse,q = BssHo(HoRsH g +0nl,y) (19) - Chayot
. i . Description
» Laurent
Capitalization on the band structure of iMMSE’Q B ouiion
» Procedure: Motivation
o _ H 9) X MMSE-FDE
» Compute the band matrix é = QQQSSQQ + O’nikN :

» Compute the LDL decomposition of K = LDL" where
L is a lower triangular matrix and D a diagonal matrix N i )
following [RBLO5] ; B S5t TV channel

» Solve the triangular system Lf = R ; setimation

» Solve the diagonal system

g

» Solve the triangular syste

3 3
[~

T
|

I
|0g |0q

» Solve the triangular syste
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Band MMSE-FDE: Derivation & Procedure
> Linear block MMSE equalizer given by:

_ H H, 24 y-1
iMMSE,Q - ESSQQ(QQESSQQ +onlyy)

» Capitalization on the band structure of v Q

» Procedure:

» Compute the band matrix K = H,R, H,

v

H R._H" + 521

(19)

kN '

Compute the LDL decomposition of K = LDL" where

L is a lower triangular matrix and D a diagonal matrix

following [RBLO5] ;
Solve the triangular system L
Solve the diagonal system Dg

Solve the triangular system éHg =

v

..,
I
™=

v

v

Solve the triangular system £Hg =

v

» Computational complexity: O(kN(2Q? + Q + log(kN))
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Simulation Results (1/3)

> IIEn

v

v vy

Route" Scenario:

Aeronautical channel by satellite

C Band

Power ratio between the two paths: C/M = 5dB
Doppler Spread of 500Hz
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Simulation Results (2/3)

Binary 3RC h=1/2

En Route scenario
‘\DQ T T T
— G 1 diag (Q=0) - 20 iter
— -3 diag (Q=1) - 20 ite
5 diag (Q=2) - 20 itel
— G-+ 7 diag (Q=3) - 20 iter
ST — - 9 diag (Q=4) - 20 iter
RN T TR
SN \\‘3"“% el L ol
RN Tl Tl
o B
oty e
. ~a
i 4p2 O -
- \\
. \\\\
B ..
AN T
10 : 5 i&'“-x
EL
104 | | | | |
] 1 2 3 4 5
Es/NO (dB)

Figure: Influence of the parameter Q
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Simulation Results (3/3)

Binary 3RC h=1/2
En Route scenario

100 . . ‘ . . . . . ‘

m

— & 1 diag (Q=0) - 20 iter .
—%—7 diag (Q=3) - 0 iter H
- 7 diag (Q=3) - 1 iter 5
7 diag (Q=3) - 20 iter
—H— 9 diag (Q=4) - 0 iter
—5-- 9 diag (Q=4) - 1 iter
9 diag (Q=4) - 20 iter
o0 05 1 15 2 25 3 35 4 45 5
Es/NO (dB)

10

Figure: Influence of the parameter @ and of the number of
iteration
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Motivation

Romain Chayot

» Previous work -> perfect synchronization and perfect

Description

channel knowledge Kaurent o
o__a Overall Receiver
» CFO, phase and timing recovery izat
. A"
» most of those methods for CPM transmission over MNSE FDE
AWGN channels Channelz "

» CRB derived in case of AWGN channels [HP13]
TIV Channel

» Case of interest: transmission over TIV and TV channels jf,‘i,“;a;‘,‘(;‘cha,,,,e.
CFO

and C
estimation
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Contributions

Romain Chayot

» Channel Estimation

Description

» Case of TIV channels Detamposition

» Case of TV channels (using BEM) :v:_ra”t_me
» Joint Carrier Frequency Offset and Channel Estimation MASEFOE
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System Model

> Received signal:

r[0]
r[1] s[0] s[—1] S
s(1] s[0] s[—1]
_ s[Lyp — 1] o s[1]
rwffll Sk —1 ... s[k)—Ly+1]

s[—Lp + 1]
s(0]
SlkJ — Ly

h[0]
hl1]

")
(21)

56/69

Romain Chayot

Description
Laurent
Decomposition
Overall Receiver

Motivation

A new
MMSE-FDE
An extension to

Time-Varying
Channels

Motivation

Joint TIV channel
and CFO
estimation




System Model

> Received signal:

Romain Chayot

r[0] hl0]
r[1] s[0] s[—1] S s[—Lp + 1] A1
[LS[1] | s[0] 5[[*]1] 4[»0»] Description
s[Lp, — 1 P s[1 s ] ae‘é':r:t osition
- : Tw S e ever
: ) ' ' ) : Motivation
ik — 1] s[kd — 1] 000 slkd — Lp +1]  s[kd — Ly] By — 1] Apew
et
(20) Channe|sy €
= §7h +w (21) Motivation
) . ) ) :’:g‘tc?;gl channel
» Difference with linear modulations: o
» We do not estimate a discrete equivalent channel (at
baud rate)

» We estimate an over-sampled channel filtered by a LPF
at the receiver
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Channel to estimate

0 QA. T T T T T T T
[ A & hit)
0.8 - —5 h()
R in Chayot
hit} after downsampling omain aye
0.7 -
o
06 Description
Laurent
Decomposition
Overall Receiver
05 P
@ (sl n Motivation
045 MMSE FDE
n o An extension to
It Time-Varying
03 - Channels
[» (]
I T Motivation
0.2 o)
o [» Joint TIV channel
_ oo . Ty
0.1 ( ]’ - g Yo estlmatlon
st of [ (995
. 9 [ pLLL99
0 T2 Ts 3T IZ A 5T .n'2 3T, T2

Figure: Finite impulse responses of h.(t) and h(t)
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Channel Estimation

Romain Chayot

» Least Squares Channel estimate:
T _ H \N—1_H Description
hs=(s"s)"'s"r (22) Qe
Overall Receiver
» Works at kRs (k > 2) Motivation
MMSE-FDE

An extension to
Time-Varying

Can be improved by using an a priori knowledge of the L
delays (aeronautical channel by satellite)

v

Motivation

v

Can be extended to TV Channels using Basis Expansion Joipt TIY channel

an

Models (BEM) BN
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Simulation Results

BER for 3RC h=1/2 over aeronautical channel with 4= 3.?’T5

10°

Romain Chayot

Description
Laurent
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A new
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Channels

uncoded BER

—7— With perfect estimation
1073 | |—4—LS estimation - 32 symbols Motivation
- LS eslimgtinn - 64. syrrjlbols TR T channel
—&— Parametric LS estimation - 32 symbols EnCICHON
—C- Parametric LS estimation - 64 symbols
107 : : : ;
0 2 4 6 8 10
ESFND

Figure: Uncoded BER over the aeronautical channel with channel
estimation
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System Model

» Introduction of a Carrier Frequency Offset:

r=[(f)sh+w (23)
with
E(f) _ dlag{l, ej27rf7'e’ e‘j27rf2Te7 e ej27rf(kJ—1)TE}
s[0] 0 o 0 1
s[1] s[0] 0 :
s=|s[lLn—1] ... s[1] s[0]
Sikd— 1] ... sk = Ly+1] k) Ly
h=[ho] A1 .o -1]
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System Model

» Introduction of a Carrier Frequency Offset:

r=C(fsh+w (23)
with
E(f) _ dlag{l, ej27rf7'e’ e‘j27rf2Te7 e ej27rf(kJ—1)TE}
s[0] 0 o 0 1
s[1] s[0] 0 :
s=|s[lLn—1] ... s[1] s[0]
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Joint ML Estimation of h and the CFO f

v

v

v

v

v

[MMOO0] for linear modulations

Log-likelihood function for the parameters h and f is:

A(h, F) = 5 [r - [(Psh]"r - £(P)sh]

Oh

Maximize A over E and f

Estimate of h for a given fis

h(f) = (s"'s)"s"rH(F)r

We use this estimate in Eq.(24) to estimate f

(24)

(25)
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Procedure

» Compute f as follows:

N kJ—1 Romain Chayot
f = arg max ( )+ 28%{ Z m)e _I2Trfm}) (26)
f
kJ—1 %:o"tei\xatio;E
where p(m Z [Bli—m,mr[]r [l — m] (27) [y

Motivation
TIV Channel
estimation

and B £ s(s"s)"'s" (28)

» Compute h using the LSAeEtimate on the counter-rotated
received samples using h(f) = (s"s)~ sHI'H(f)i
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Simulation Results (1/2)

CFO estimation over AWGN channel

Normalized Variance

Figure: Carrier Recovery for 4-ary CPM over AWGN channel
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Simulation Results (2/2)

CFO estimation over Urban GSM channel
4-ary 3-RC h=1/4

—5—J=32

— — CREB max - J=32
— " CRBmin - J=32 Romain Chayot
— — CRB max - J=64
—-—-CRE min - J=64

—o—J=128 Descri
Laure .
— — CRB max-J=128|7 Decomposition

Overall Receiver

|~ CRBmin-J=128

Motivation

A new
MMSE-FDE
An extension to
Time-Varying
Channels

Mormalized Variance

Motivation
TIV Channel
estimation

-10 -5 ] 5 10 15 20
Es/ND(dB)

Figure: Carrier Recovery for Quaternary 3-RC h=1/4 over Urban
GSM channel
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Conclusions

» Derivation a low-complexity MMSE-FDE for CPM Remeitn Chevsi
» Exact for TIV channels
» Approximate for TV channels Eollo
» Derivation of a LS Channel Estimation bepassen,
> In case of TIV channel Motivation
» In case of TV channel (using BEM) An Sxinsion to
» Parametric Estimation with an a priori knowledge on Channels
the delays Motivation
TIV Channel
» Derivation of a joint ML Channel and CFO Estimator SEE T channel

estimation

» For both TIV and TV channels
» Reaches the CRB (also derived) asymptotically
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Perspectives

Romain Chayot

» Non-linear equalization scheme (DFE or Turbo) -

> Receiver Windowing for Band MMSE-FDE for CPM E"m;{gw
transmissions over doubly-selective channels Zqunlizatior

» Preamble design gx%vﬂy’fgm

> Timing Recovery o

» Optimal BEM model for the aeronautical channel ZTALC{Z.FE“"'
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MMSE-FDE [TS05] (1/2)

Based on an orthogonal basis of the signal space {f(t)}

Ts

fo(=t) I—n\—{ FFT |—| EqualizerH IFFT I—
Ts

fi(=b) I—n\—{ FFT |—{ Equalizer|—| IFFT }—

r(6)

CPM Detection

Ts
fi-a (=) I—n\—{ FFT |—{ Equalizer|—| IFFT }—

Figure: MMSE-FDE with orthogonal representation from [TS05]

Requires delays multiple of T
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MMSE-FDE [TS05] (2/2)

Based on the Laurent Decomposition

Romain Chayot

Ty

Go(=b) I—n\—{ FFT |—| EqualizerH IFFT I—
Ts

AGH) I—n\—{ FFT |—{ Equalizer|—| IFFT }—

Pﬂrametric
Channel
Estimation
PErametric
G|

annel
Estimation

()

CPM Detection

Pragmatic CPM

Ts
Ix1(=t) I—n\—{ FFT |—{ Equalizer|—| IFFT }—

Figure: MMSE-FDE from [TS05]

Does not take into account the auto-correlation of the
pseudo-symbols
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Parametric Least Squares Estimation (1/2)

» directly estimate the attenuations {h,}; and the delays
{7/}, of the different path of the channel

Romain Chayot
» the delays are known in this aeronautical context by

GPS and geometrical consideration

MMSE-FDE
TS05]

» Introduction of the dependency on those delays:

W(O - TO) 200 W(O - TLc—l) Pragmatic CPM
V(Te—10) ... W(Te—71,-1)
P(r) = : :
W(kNT, —10) ... W(KkNT,—7._1)
(29)
and so h = P(t)[ho, hy, ..., hi._1]" (30)
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Parametric Least Squares Estimation (2/2)

v

v

v

v

New system model:

lower bound of the more generic case where a joint
delays and attenuations estimation

lower complexity and better performance
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System Model

» We assume perfect timing synchronization
» Unknown parameters:
» Propagation Channel

» Carrier Frequency Offset Romain Chayot
» Initial Phase
» Doubly-selective channel: “%“é'gitm
Ertneion
r=hs+w (35) =g
= Estimation
with r = [r[0], r[1],. .., r[kN — 1]]" Cramer Ra
Boun

Pragmatic CPM

s =[s[0],s[1],...,s[kN —1]]"
and w = [w[0], w[1], ..., w[kN —1]]T

with
h[0, 0] 0 . . 0

AL —1,L—1] (36)

: % % 0
0 .. hkN—1,L—1] ... h[kN—1,0]
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Basis Expansion Model (BEM)

» Complex attenuation of the /™ path:

h = {h[O, 1, h[L,1],..., h[kN — 1, /]} 4 (37) Romain Chayot
- [go’gl’ e »Qp,l] [0, M1 - - ,n,’p_l]T (38)
< =,
P—1 -
= Z n/,pgp (39) Pragmatic CPM
p=0

> {gp} is a basis of the attenuation’s vectors space
> This basis is deterministic

> Only have to estimate the P(L — 1) coefficients {n; ,}
(P << kN —1)
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Matrix-wise representation of the received signal

» Channel Matrix:

-1 Romain Chayot
h=Y"Z diag(h)) (40)
/=0
= Zznhpdmg(gp)é, = Zznl,pi/p (41)
I p T I p
::/,p Pragmatic CPM
=Qmel,) (42)

83/69



LS Estimation of the BEM parameters

Romain Chayot

MMSE-FDE
TS05]
ﬂrametric
C

» LS channel estimate: rame]
Estimation
E :

_ (SHS)—lsHi (45) Estimation

Cramér Rao
Bouna

r
) (46) Pragmatic CPM

and so

» Can be performed on circular block based CPM
transmission using UW
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Simulation Results (1/3)

» Scenario:

v vy

TV aeronautical channel by satellite

C-band

C/M = 5dB

Doppler Spread of 0.0183Rs, then 0.0008R;
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Simulation Results (2/3)

MSE channel estimation with KL basis expansion

10°
o o o o o M Romain Chayot
PTRLN S ——— N a 8 = n
MMSE-FDE
TSO05]
4 rametric
‘v\\“\_’v E ?nn:tL
stimation
NG t t : <
% -2 Estimation
= 10
Cramér Rao
oun
e Pragmatic CPM
IS
10?2 .
—S—K=D0 - 1 basis function \\A-,_
—&— K=1 - 3 basis function T
. e S
—+—K=2 - 5 basis function ¥ ——y
—4— K=3 - 7 basis function
104
0 5 10 15 20 25 30
Es/NO(dB)

Figure: NMSE over TV channels using KL-BEM
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Simulation Results (3/3)

MSE channel estimation for block-based CPM

10°
—&— Ny =16, N, =48, € =0.75
—&— Ny =16, N =112, ¢ = 0.875
b = = =
Q\‘ Npy=16. Ny, =240, ¢ = 0.9375
1071 R —— Ny =32, N =224, ¢ = 0.875
I
\;\F\\
B L
N
“3‘\\\\ \5\
\}\E .
W N
0 102 Bt
= S P
S
B T
B T
\\i\‘ \9——__,___4_,
3 B
10 S
G
s
I T
R
|
L
104
0 5 10 15 20 25 30
Es/NO{dB)

Figure: NMSE over TV channels using KL-BEM for block-based
CPM
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Cramér Rao Bound for carrier recovery in case of
TIV Channel

Sys. Mod.: r =[(f)sh+w
Set of unknown parameters: u = (h,, h;, f)

v

v

Romain Chayot

Fisher Information Matrix:

v

MMSE-FDE
TS05]

B 82InA(£a u)
[Elij = *E[W}

TV, Channel
2 Estimation

g CRB f - # P tic CPM
( ) 2XH(£;<J_§)X ragma
with y = 2rMsh
and M = diag(0,1,...,kJ — 1)
» AWGN Case:
o2 3

2yH(l,, — B)y ~ 223

CRBawan(f) = (SNR)™!
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Pragmatic CPM

» cf Thesis "Nouvelle forme d'onde et récepteur avancé
pour la télémesure des futurs lanceurs", by C.-U.

Romain Chayot

- MMSE-FDE
Piat-Durozoi -
rametric
channel
Estimation
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oo || [=Bna 1REC 05 ] v oo TV_Channel
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=06 ! °
z o 205
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