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Motivation

evolution of cellular mobile standards
@ 3G (UMTS)
@ WIMAX in 2005 (OFDM = some TF signaling)
@ 3G HSDPA+ in 2009 ®

4G LTE in 2010 (OFDM) ®

4.5G LTE Advanced in 2016 (OFDM) ®

5G in 2020 ®/® ?

new term: waveforms

@ several EU projects (Phydyas, METIS, 5GNow, 5G-Fantastic. . .)

waveform challenges in 5G
@ support robust sporadic communication and asynchronous massive connectivity
@ robust against: time&frequency dispersions, asynchronous access, low-cost hardware

= Using Weyl-Heisenberg structures for waveform design
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Notation and Background

Time—frequency shifts and Spreading representation

@ time—frequency shifts 7, € CVN*N for y € Py := Zn x Zn acts on ONB {e,} V!

Tpem = exp(i2rpim/N)emou,
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Notation and Background

Time—frequency shifts and Spreading representation

@ time—frequency shifts 7, € CVN*N for y € Py := Zn x Zn acts on ONB {e,} V!

Tpem = exp(i2rpim/N)emou,

Weyl commutation rule 7, m, = exp(i2n[u,V]) - Ty
{7 }uery is ONB for CV*N wrt (A, B) = tr (A*B)/N.
spreading representation & = {&, }uepy € CV*V of matrix H € CV*V

H= Z (7, Hym, = Z o

HEPN HEPY

symbol o = {0, }uer, € CV*N is sympl. Fourier trafo o = Fs6 of 6.

A considerable simplified discrete description is:
r=Hs+z

where s, r,z € C" and channel matrix H € CV*V
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Notation and Background

Typical wireless channels

. 14 . N—1 i A
@ impulse response h= F~6 € CN*N is h, , = Dy e'%mt/NU(m,r)

real partof ()

real part of h(t,z)

0.4

delay 18, ' 0 -4
A Doppler [kHz] delay [us] time [us]
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Typical wireless channels

. 14 . N—1 i A
@ impulse response h= F~6 € CN*N is h, , = Dy e'%mt/NU(m,r)

real partof ()

real part of h(t,z)

[ TN~ SO OO

delay 18, ' 0 -4
A Doppler [kHz] delay [us] time [us]

@ mobile channels are underspread: supp(6) C U with |U| ~ 0.01 x N2, and sparse

@ but, poor timing synchronization, oscillator mismatch and phasenoise (“dirty RF")
in multiuser scenarios effectively increase |U|.
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Notation and Background

Time—Frequency Signaling

@ A C P subgroup (lattice) generated by A = Z2*2. . J
Define |A| = N/card(A) 5
@ For fixed g,7 € C" define Gabor sets {y, = T4,7} E . J o
and {g, = mang} N
L
time

@ Transmission of data symbols {x,} C C using N samples {yn} through a channel
H € CV*N with additive noise z:

Ym = (&m Hym)Xm + > (&ms HYa)Xo + (gmy2) = © + ©
n—m¢SIC

usually without “interference cancellation” — SIC = {(0,0)}.
@ TF-density/spectral efficiency is 1/|A|.
o OFDM & BFDM: A = diag(T, F) & (bi—)orthogonality
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“signal-to-noise-and-interference ratio”
SINR(g, 7, 4) = E|0[*/E[©[?

relation to (g,~, A)?

Can we find simple estimates for given scattering scenarios?
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WSSUS Pulse Optimization w.r.t. to SINR

inst. SINR not practicable but second order changes slowly — WSSUS
E(6) = 0 and E(6,,6}) = Cu0,.,. with scattering prob. C € RY*N
A(X) =3, Cu - muXm, for X € CV*N

Weyl—covariant, trace&pos-preserving, A(ld) = Id, A(X*) = A(X)",
AcoAD :ADOAC :AC*D---

B(X) := Y ycamaXms and D(X) := o2ld + (B o A)(X). Set I, = yy*:

_ Elo]® _ (15, A(IL,))
E|@)  (Ilg, D(I1))

SINR(g, v, 4)
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WSSUS Pulse Optimization w.r.t. to SINR

inst. SINR not practicable but second order changes slowly — WSSUS
E(6) = 0 and E(6,,6}) = Cu0,.,. with scattering prob. C € RY*N
A(X) =3, Cu - muXm, for X € CV*N

Weyl—covariant, trace&pos-preserving, A(ld) = Id, A(X*) = A(X)",
ACoAD :ADOAC :AC*D---

0 B(X):=3,.4mXmx and D(X) := o2ld + (B o A)(X). Set [T, = vyy*:

_ E[oP _ (s, AUL))

SINR(g, v, A) = E|®2 ~ (I, D(I1,))

@ optimize with respect (g,~) for fixed A:

max SINR(g, v, A) = max Amax(A(I1,)D(IT,) ")
g,y Y

is possible, at least locally, by alternating maximization (initialization, later...)
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WSSUS Pulse Optimization, Simplified

@ Consider the lower bound:

E|©f
INR(g, 7, A) > ———
SINR(e.7.4) 2 7555 —wep

with Bessel constant B, of {va}rea, i-e., [[{{(7, x)reatl3 < B, |Ix]3
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WSSUS Pulse Optimization, Simplified

@ Consider the lower bound:

E[of?
INR(g, 7, 4) > ——————
SINR(g, v, 4) > 1B, ~EoP

with Bessel constant B, of {va}xea, i-e., [[{{(7n, x)reatl3 < B,|Ix]3

o Simplified Strategy... 1 ?

® Maximize E|®|? over (g,) for given C (TF localization step).

1 Kozek& Molisch, “Nonorthogonals pulseshapes for multicarrier communications in doubly dispersive channels”, 1998
2 Jung& Waunder, "lterative Pulse Shaping for Gabor Signaling in WSSUS channels”, 2004
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INR(g, 7, 4) > ——————
SINR(g, v, 4) > 1B, ~EoP

with Bessel constant B, of {va}xea, i-e., [[{{(7n, x)reatl3 < B,|Ix]3

o Simplified Strategy... 1 ?

® Maximize E|®|? over (g,) for given C (TF localization step).
® Minimize B, over (A, ) for fixed A

® Update g

1 Kozek& Molisch, “Nonorthogonals pulseshapes for multicarrier communications in doubly dispersive channels”, 1998
2 Jung& Waunder, "lterative Pulse Shaping for Gabor Signaling in WSSUS channels”, 2004
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WSSUS Pulse Optimization, Simplified

step @ "The TF localization problem”

in general, "maximize the following term”

Elof = 3 Cullg,mu)l

2
ueZN
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WSSUS Pulse Optimization, Simplified

step @ "The TF localization problem”
in general, "maximize the following term”

El0] = ) Cullg. mu)I* = (8. Lcr8) = (v, Le )
HEZR,

(6.(Y Cumen))l?

2
HEZN

v

@ TF localization operators® L¢, = ZHEZE\, Coulmuy, Yy
@ without further structure: alternating optimization

@ lower bound from convexity (used for initialization)
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WSSUS Pulse Optimization, Simplified

step @ "The TF localization problem”
in general, "maximize the following term”

El0]* = ) Culg. )’ = (. Lcr8) = (1. Le )
HEZR,

(g, (> Cumum))I?

2
HELY,

v

@ TF localization operators® L¢., = ZHEZ%, Colmuy, )muy
@ without further structure: alternating optimization
@ lower bound from convexity (used for initialization)

@ problem:

maxE[of* = (|Ag, %, C)

8,7

= max Amax(Le y) = max||AL,)[| = _max_ [|ACX)]]

X>0,tr X=1

@ Some special cases and bounds. . .

3Daubechies, “Time-Frequency Localization Operators: A Geometric Phase Space Approach”, 1988
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WSSUS Pulse Optimization

step @ “Weighted norms of Wigner and Ambiguity Functions”

Some special cases and bounds are known in the continuous setting®

Let Agy (1) = (g, 7.7) .llgll2 = 7]l = 1 and p, r € R. Furthermore let C € Ly(R?) with
q = ;2. Then for each p > max{1, 2} it holds:

2 1
r P
el clh < (2)" 1l e,

4 PJ, “Weighted Norms of Cross Ambiguity Functions and Wigner Distributions”, 2006
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2 1
r P
el clh < (2)" 1l e,

@ equality only possible for Gaussians (g,~, C), for C(u) = ae 1 with o > 2=
I

r
2

2a

Agy|"Cll1 =
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WSSUS Pulse Optimization

step @ “Weighted norms of Wigner and Ambiguity Functions”

Some special cases and bounds are known in the continuous setting®

Let Az (1) = (g, 7.7) Lllgll2 = ||7ll2 = 1 and p, r € R. Furthermore let C € L,(R?) with
q= p—fl. Then for each p > max{1, %} it holds:

1

r 2\~
el clh < (2)" 1l e,

@ equality only possible for Gaussians (g,~, C), for C(u) = ae 1 with o > 2
2a
Agy|"Cll1 =
max | Ags "€l = 5 20—

@ UCR? 0< |U|<ocoand C=xy/|U|. With r* = max{r,2}:

e % |U| < 2e/r*
1A, " Cllx <

r/r*
2
(r*|u\) else

4 PJ, “Weighted Norms of Cross Ambiguity Functions and Wigner Distributions”, 2006
Peter Jung, HIM16, finite WH workshop

11/1



WSSUS Pulse Optimization, Simplified

Recap. ..

El®
INR AN)> "7 —
SINR(g, 7, 4) 2 o+ B, —E|®?
with Bessel constant B, of {7x}xrca.

Simplified Strategy. . .

© Maximize E|©®|? over (g,7) for given C (TF localization step).
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WSSUS Pulse Optimization, Simplified

Recap. ..

El®
INR AN)>—5—"7———
SINR(g, 7, 4) 2 02+ B, — E|©]
with Bessel constant B, of {7x}xrca.

Simplified Strategy. . .

® Minimize B, over (A,~) for fixed 4, i.e, for |A|] < 1:

h=(A]-S)" 2y where S= (ym)1m = By=1A"

and for |A| > 1 proceed with A° (adjoint lattice) and use “Ron Shen”-duality®

® Update g

5 Ron&Shen Z, “Weyl-Heisenberg frames and Riesz bases in Ly(R?)", Duke Math. J. 1997;89(2)
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Recap. ..

El®
INR AN)>—5—"7———
SINR(g, 7, 4) 2 02+ B, — E|©]
with Bessel constant B, of {7x}xrca.

Simplified Strategy. . .

® Minimize B, over (A,~) for fixed 4, i.e, for |[A] < 1:
h=(A]-S) "y where S= (ym)ym = By=14"

and for |A| > 1 proceed with A° (adjoint lattice) and use “Ron Shen”-duality®

® Update g

5 Ron&Shen Z, “Weyl-Heisenberg frames and Riesz bases in Ly(R?)", Duke Math. J. 1997;89(2)
Peter Jung, HIM16, finite WH workshop 12/1



WSSUS Pulse Optimization

"Balian—Low Theorem” °
y=Gaussian IAl=1 IAI=125

1A1=0.93 1A1=0.75 IAI=0.5 ﬂ

|

|
]
/
J

6Ba|ian, “Un principe d incertitude fort en theorie du signal ou en mecanique quantique”, 1981
13/1
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WSSUS Pulse Optimization

"Balian—Low Theorem” ©

~=Gaussian IAl=] M

I1A1=0.93 IAI=0.75

I

IAI=1.25

@ Offset-QAM modulation (OQAM)” and Wilson bases®®

6Ba|ian, “Un principe d incertitude fort en theorie du signal ou en mecanique quantique”, 1981
7Chang, “Synthesis of Band-Limited Orthogonal signals for Multicarrier Data Transmission”. 1966, Bell. Syst. Tech. J.

8Wilson, “Generalized Wannier functions”. 1987
9
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WSSUS Pulse Optimization

"Balian—Low Theorem”

6

~+=Gaussian

I1A1=0.93

h

IAI=0.75

IAI=1.25

i

10TA

@ Offset-QAM modulation (OQAM)” and Wilson bases®®

@ h real&symmetric,
@ Adiag., |A|™ =2 and

6Ba|ian, “Un principe d incertitude fort en theorie du signal ou en mecanique quantique”, 1981

7Chang, “Synthesis of Band-Limited Orthogonal signals for Multicarrier Data Transmission”. 1966, Bell. Syst. Tech. J.

8Wilsc:)n, “Generalized Wannier functions”. 1987
9
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WSSUS Pulse Optimization

"Balian—Low Theorem” ©
~=Gaussian _ — M
IAI=1 JM IAI=1.25 “
SRS N i P
1A1=0.93 1A1=0.75 IA1=0.5

10TA

— S

@ Offset-QAM modulation (OQAM)” and Wilson bases®®
@ h real&symmetric, @ {hr}xrea tight frame h = (det(A) - 5)7% v
@ Adiag., |A|™ =2 and

6Ba|ian, “Un principe d incertitude fort en theorie du signal ou en mecanique quantique”, 1981
7Chang, “Synthesis of Band-Limited Orthogonal signals for Multicarrier Data Transmission”. 1966, Bell. Syst. Tech. J.
Wilson, “Generalized Wannier functions”. 1987
9Daubechies, Jaffard, Journe, “A simple Wilson orthonormal basis with exponential decay”. SIAM J. Math. Anal. 1991
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I1A1=0.93 IAI=0.75 I1A1=0.5

— N\

@ Offset-QAM modulation (OQAM)” and Wilson bases®®
@ h real&symmetric, ©Q {hr}xca tight frame h = (det(A) - 5)7% y
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WSSUS Pulse Optimization

"Balian—Low Theorem”

6

~+=Gaussian

am |
iy

I1A1=0.93

—H—

IAI=0.75

I

IAI=1.25

i
|

W

10TA

@ Offset-QAM modulation (OQAM)” and Wilson bases®®
© {hx}rea tight frame h = (det(A)-S) 7 v
@ Re(i"hn,i™hm) ~ G

@ h real&symmetric,
@ Adiag., |A|™ =2 and
@ IOTA/OQAM and FBMC

6Ba|ian, “Un principe d incertitude fort en theorie du signal ou en mecanique quantique”, 1981

7Chang, “Synthesis of Band-Limited Orthogonal signals for Multicarrier Data Transmission”. 1966, Bell. Syst. Tech. J.

Wilson, “Generalized Wannier functions”. 1987

9Daubechies, Jaffard, Journe, “A simple Wilson orthonormal basis with exponential decay”. SIAM J. Math. Anal. 1991
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WSSUS Pulse Optimization, 2-Step Strategy

“without Balian-Low..."

Let F = o2 + |A|™. For the optimal signaling we would get then:

20 T T T T T
: SINR* [dB] :
18_. ...... e o S P .......
16} o s
14+ Y N N N
: ‘ | F-er‘—l |
12+ N TN
10 ,,,,,,,,, || ..... AP _1 ,,,,,, T .4
CU : : ‘ ‘

6 ! L ! !
0 0.05 0.1 0.15 0.2 0.25 |U|

@ Upper bound holds for any shape of U

@ Lower bound is for U = [0 and ignoring the Balian-Low Theorem
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Numerical Experiments

alternating max. SINR(g, v, A) = E|®|?/E|®|?, initialized by lower bound
alternating max. E|®|? without min. B., initialized by lower bound
alternating max. E|©|? and min. B,, initialized by lower bound

matched Gaussians

matched tight frame from Gaussians (I0TA)
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Numerical Experiments, Example

0.4 T T T T sinropt g
— — —sinropt ~
gainopt g
0.2 — — —gainopt ~
iotag
0 —
0.1 sinropt F(g)
— — —sinropt F( )
0 gainopt F(g)
— — —gainopt F( v)
iota F(g)
_01 1 1 1 I - |
150 200 250 300 350 400
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Numerical Experiments

20 L T T
sinralg
==3j==mnt climb
== mnt climb+Bmin
515 I not = = = (Gauss
e achievable = = —I0TA
= —©— upper
,3;9 10— | m— lower (no BLT)
= —6 ©- 7
[42] L4
M
N~ ?
L 3 ‘: - 2 4
5 s o peryn ¥
OOAM @ =R 29 8. N 204ABR I |
ST & OSSO N=E o Uao
107 102 107! 0 10’ 102 10°

@ design on L = 512 sample values at bandwidth W

delayspread T:=74-W | O | 1 | 5 | 9] 29 | 49 | 149
Doppler B:=Bp/W-L [ 74 [ 37 [ 12 | 7] 2 [ 1 [ 0

@ (T +1)(2B+1) =150 (|U| =~ 0.29) fixed and R = 2’;& as in the table
@ OQAM modulation at [A| = 1/2.
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@ Using group structure& majorization arguments&symmetry of C to charactize:
2 2
Z C.l(g, mum” = (g, Z Cumpy)|
HETY HELY
using finite-dim. equivalents of Gaussians
@ Finite and quantitative versions of the Balian-Low theorem

@ How to solve numerically efficient:

E|©
max A(X)D(X = max
voma || (X)DX) 7| = E|of
@ Include the lattice A
max o (1+ IE|©|2)
gmA ] 5 T R8P
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