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Motivations
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Motivations

* |s it possible to coexist
In overcrowded
spectrum without
degrading existing
users/services?

» |dea: use smart
devises with advanced
sensing/processing
capabillities.
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Motivations

» Major problems: not technical but regulatory

« Currently, divide-and-set-aside:
- spectrum divided into distinct bands;
- regulated communication uses in each band;

- license each band for exclusive use (ex, cellular,
TV, radio, navigation, emergency, defense, etc).

» This approach has pros and cons ...
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Motivations

 Some bands are shared/unlicensed to
encourage innovation and reduce cost to
purchase licensed spectrum (ex, 2.4GHz:
Bluetooth, 802.11b/g/n WiFi, etc.).

» Killed by their own success? too much
interference.
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Motivations

« Cognitive radio aims to bring the
advantages of unlicensed bands to
licensed bands without disrupting existing
services.

« But how?
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Cognitive Radio (CR)

 CR is a wireless communication system
with side information about:

Breaking Spectrum Gridlock with

- the Channel aCtiVity, Cognitive Radios: An Information
oy Theoretic Perspective, Goldsmith
- channel CondltlonS, et al, Proceedings of IEEE, 2009.

- user’ codebooks/messages.

 CR devices seek to interweave, underlay
or overlay their signals with those of
existing users without impacting their QoS.
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Interweave CR

* CR opportunistically
exploits spectral holes
to communicate without
disrupting primary
transmissions.

* Needs knowledge about
channel activity
(extensively studied in |3 egrated agent Arohteoture

for Software Defined Radio,”

CommTh and SigProc). PhD Dissertation, KTH, Sweden,

December 2000

uency
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Underlay CR

* CR sends if interference at PRx is below a
fixed interference margin (MIMO or UWU)

- Pros: primary users are protected
- Cons: short range communication

et CTx CRx Maximal
etermines ; mterference
power level
CTx can add!
A A
. Current
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Overlay CR

» CR uses sophisticated signal processing
and coding to maintain or improve the
communication of PR while achieving its
own communication goals.

* Needs knowledge of primary codebooks
(ex from standards) and possibly primary
messages (ex after first transmission).

UIC Department of Electrical _
uersvorinos and Computer Engineering TPT April 2012

COLLEGE OF ENGINEERING



IT overlay CR

Secondary/Cognitive
W1 Enc1 | X1—»

— Y1 »{ Dect |> W

W2 Enc2 | Xo—» > Y> »| Dec2 b W2

Primary

P[Y1 YalX1 Xo]

N. Devroye, P. Mitran, V. Tarokh, Achievable Rates in
Cognitive Radio Channels,” IEEE Transactions on
Information Theory, vol. 52, pp. 1813-1827, May 2006
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IT overlay CR

Secondary/Cognitive

N. Devroye, P. Mitran, V. Tarokh, Achievable Rates in
Cognitive Radio Channels,” IEEE Transactions on
Information Theory, vol. 52, pp. 1813—-1827, May 2006

UIC Department of Electrical _
uersvorinos and Computer Engineering TPT April 2012

COLLEGE OF ENGINEERING



the smaller,

PaSt WOrk - outer bounds | the better

Secondary/Cognitive
W1[-—>x1”—> § Y} »[Dect |» Wi
E‘cj
W2ts[Enc2 |-» X2 > ;_—-' > Y2 -»[Dec2 |> W2
Primary
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the smaller,

Past Work - outer bounds |ine setter

Secondary/Cognitive

Wip[Emi > i~ ¥ | Vi»[Bect]> W
X
[ >
Wls (B> Xis| & [+ Vi +>[BEl W

Primary

Devroye et al IT06
(Broadcast Channel)
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the smaller,

PaSt WOI’k - outer bounds | the better

Secondary/Cognitive
W1+ Xi—>
wls[ERez}> X~

Primary

L v Bt > Wi

PLY1YalX1 Xz2]

> Y2 ->[Bec2 > W

Wu et al ITO7
(1 aux.RVs)
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the smaller,

PaSt WOI’k - outer bounds | the better

Secondary/Cognitive
W1+ Xi—>
wls[ERez}> X~

Primary

L v Bt > Wi

PLY1YalX1 Xz2]

> Y2 ->[Bec2 > W

Maric et al ETT08
(3 aux.RVs)
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Past Work - outer bounds | e seteer

Secondary/Cognitive

Wi[Enet > Xi~| T bvi-»[Desi |» Wi
<
oY
>
WAs[Ena > Xi>| & |»Y:>[Decz]> We

Primary

Maric et al ETT08
(3 aux.RVs)

Wu et al ITO7
(1 aux.RVs)
Devroye et al IT06
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thevlarger, {

PaSt WOrk - Inner bounds | the better

Secondary/Cognitive
W1[-—>x1”—> § Y} »[Dect |» Wi
E‘cj
W2ts[Enc2 |-» X2 > ;_—-' > Y2 -»[Dec2 |> W2
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the larger, {

PaSt WOrk - Inner bounds | the better

Secondary/Cognitive

W1[-—>x1”—> § Y} »[Dect |» Wi

E‘cj

W2ts[Enc2 |-» X2 > ;_—-' > Y2 -»[Dec2 |> W2

Primary
Maric et al ETT08
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the larger, 1

PaSt WOrk - Inner bounds | the better

Secondary/Cognitive
W1+ Xi—>
wls[ERez}> X~

Primary

> Y1 -»[ Dect > Wi

PLY1YalX1 Xz2]

> Y2 ->[Bec2 > W

Maric et al ETT08
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the larger, |

PaSt WOrk - Inner bounds | the better

Secondary/Cognitive
Wi=[Enct > Xi=| X |>Yi»[Deci |» Wi
X
oY
>
wels[ER] > Xi»| & (> vi->[Dez}> We

Primary

Maric et al ETT08
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the larger, ‘

PaSt WOrk - Inner bounds | the better

Secondary/Cognitive
Wi + Xi—>
wls[ERez}> X~

Primary

% —>-Dec1 > Wi
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PaSt WOrk - Inner bounds | the better

thé larger, ‘

Secondary/Cognitive

Wi[Enet > Xi—~| ¥ b=Vi »[Desi |» Wi
<
oY
>
WAs[Enz > Xi»| & |» Y »[Decz]> We

Primary

Maric et al ETT08 )

Cao et al Asilomar(09

Jiang et al ITW09
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Past Work - capacity

Secondary/Cognitive

L v Bt > Wi

« Weak interference w.wuetai 2007, W‘*X‘"* ;
wols[Ezl> Xi»| = |> Vi >[Desz}> Wo

Jovicic et al IT 2006 for AWGN] Primary

* (Very) strong interference . varicetai it 2007
e Some semi-deterministic [Y. Cao et al Asilomar 2009]
e Some Z-channel [N. Liu et al ISIT 2009]
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Contributions: general CIFC

« Computable outer bound (the tightest is
still by Maric et at ETT 2008)

» Largest inner bound
« Capacity in “better cognitive decoding”
« Capacity for semi-deterministic channels

S. Rini et al, “New Inner and Outer
Bounds for the Memoryless
Cognitive Interference Channel and
some Capacity Result”, IT 2011
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Contributions: AWGN CIFC

 Unifying outer bound (for weak and strong
interference)

« "BC with degraded message set” outer
bound for strong interference

« Capacity in “primary decodes cognitive”

[subset also presented by J. Jiang et al ICC 2011]

» Capacity for some Z-channels

[extension claimed by M. Vaezi et al CWIT 2011]
S. Rini et al, “Inner and Outer

° Capacrty tO Wlthln 1 blt Bounds for the Gaussian Cognitive

Interference Channel and New

or a factor 2 Capacity Results”, IT 2012
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AWGN CIFC

Secondary/Cognitive * Z1

—

W1—| Enct — X} —>@—>Y1N-> Dec1 | WH

Most results extend to a
* v general memoryless CIFC

Wa | Enc2 —>X5—>@—>Yg+ Dec?2 ->W2

Primary

2

}/1 — Xl —|— aX2 + Z].) X1 —fl WlaWZ Z |Xl,t|2]§P1,
Ys

|b|X1 T X2 T Z27 Xy =f2( Wa): iE[|X2t| | <P,

t 1
Z; ~N(0,1), j=1,2.
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: AWGN CIFC

Contributions

Yi :X1‘+ (lX2 1—Z17
—Ye = [b] Xy + X2 + 2,

Rini et al ISIT11
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Secondary/Cognitive

Outer Bound [ ™

> Y{ [ Dect > Wi

PLY1YalX1 X2]

v+ B} W

« Wuetal IT 07 (BC argument; not the
tightest)

Ry < I(Y1: Xq[X2),

Ry + Ry < I(U, Xo:Ya) + 1(Y1; X1|U, Xo),

- U: help from the cognitive to the primary

- [Rini et al IT11] tight for “semi-deterministic”
channels and for “better cognitive decoding”
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Secondary/Cognitive

Outer Bound [ ™

> Y{ [ Dect > Wi

PLY1YalX1 X2]

v+ B} W

* Rinietal IT 11 (IFC argument)

Ry < I1(Y1; X1|X2),

Ry < I(X1,X9;Y5),

Ry + Ry < I(X1,Xo2;Ys) + I(Y1; X1|Y'2, X5),

- does not contain auxiliary RVs, hence it is
computable

- [Rini et al IT12]: it unifies weak and strong
interference outer bounds for AWGN
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eeeeeeeeeeeeeeeeeee

2 P>Yi»[Dect |» Wi

=

Q I
v
><
v

P[Y1 Y2IX1 Xz]

Inner Bound

N
v+ B} W

Primary

» Rate splitting:
- common message (decoded @ non intended
destination)
- private message (treated as noise @ non
intended destination)
» Superposition coding/nesting: start with
primary-common end with cognitive-private

* Interference pre-coding/binning: remove
effect of interf. non-causally known at CTx
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Secondary/Cognitive

I Wi=p{Enct | Xi—>| X | Yi-»[Dect | > Wi
5
nner Boun s
WAs[Egl> Xi~| T (> Vi--[Bezl> We
Primary

Thick lines: superposition

Dashed lines: pre-coding

Dotted lines: deterministic function
Ri=Ric+Rp j=1,2
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Inner B

@ primary Tx: common/private split
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Secondary/Cognitive

Wi=p{Enct | Xi—>| X | Yi-»[Dect | > Wi
X
oun s
WAs[Egl> Xi~| T (> Vi--[Bezl> We
Primary

Thick lines: superposition

Dashed lines: pre-coding

Dotted lines: deterministic function
Ri=Ric+Rp j=1,2
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Inner Bound

@ primary Tx: common/private split

Secondary/Cognitive

> Y{ [ Dect > Wi

Wi=[ Enci | > X1 ><T
[- <
N
>

WAs[EZ}> Xi| & [>Vi~[BE] W

Primary

Thick lines: superposition

Dashed lines: pre-coding

Dotted lines: deterministic function
Ri=Ric+Rp j=1,2

@ cognitive: common/private split
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Inner Bound

@ primary Tx: common/private split

Secondary/Cognitive

> Y{ [ Dect > Wi

Wi=[ Enci | > X1 ><T
[- <
N
>

WAs[EZ}> Xi| & [>Vi~[BE] W

Primary

Thick lines: superposition

Dashed lines: pre-coding

Dotted lines: deterministic function
Ri=Ric+Rp j=1,2

@ cognitive: common/private split
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Inner Bound T~

---~

@ primary Tx: com;non/prlva&a split

Secondary/Cognitive

> Y{ [ Dect > Wi

PLY1YalX1 X2]

Gzl x| & [>Vi~[Bl> W

Primary

Thick lines: superposition

Dashed lines: pre-coding

Dotted lines: deterministic function
Rj ch + ij J 1 2

@ cognitive: common/prlvate split
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Secondary/Cognitive

> Y{ [ Dect > Wi

Wi -Enc1 > X1 ><T
x
=
WAs[EZ}> Xi| & [>Vi~[BE] W

Primary

e ——-n
@ primary Tx: comgon/private split Thick lines: superposition
Dashed lines: pre-coding
Dotted lines: deterministic function
Ri=Ric+Rp j=1,2

@ cognitive: com
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Secondary/Cognitive
Wi [ Enct | Xi| X > Y7 [ Dect | > W
<
QY
>
o s [ERZ}> X | & | Vi[DEE]> W
Primary

» Overall region (not that “ugly”...)

' Ry < I(Y1; Urpss Uie|Uae) — I(Uipsy Uie; X2|Uae),
Ry < I(Y1; Urps|Uie, Uae) + I(Ya; Uoph, Urey X2|Uze) — I(Uip; X2|Uie, Uze),
Ry < I(Y2; Uapy, X2, Ute, Uze) + I(Uie; X2|U2e),
Ry + Ry < I(Y1; Uipp, Uie, Uae) + I(Ya2; Uzpy Xo|Uiey Uae) — I(Uipy; Uzphy X2|Uie, Uae),
Ry + Ry < I(Y1;Uipb|Uie, Uae) + I(Yo; Uappy X2y Urey Uae) — I(Urps; Uzphy X2|Uie, Uae),
2Ry + Ry < I(Y1; Uiy, Uie, Uae) + I(Y1; Uipy|Uies Uae) + I(Y2; Uzpy, Urey X2|Use)
— I(U1pb; Uappy X2|Utes Uae) — I(U1ppy Uic; X2|Use),

UIC Department of Electrical _
TPT April 2012

e raicieo and Computer Engineering
COLLEGE OF ENGINEERING



Secondary/Cognitive

Vi
BT X — ) Vi ~[E} 7
Capacity Results' ™ 7=
[Enz]> X —>() — Vi »[Beez}> W

Primary

e =X HAlaXo - 2,
Yo = b X X+ 2y,

Marlc et al ETT08

le etaIICC11 Rini et al ISIT11

elsewhere 1 bit

Rini et al AIIerton1 0

Wu et al ITO7

Primary decodes
cognitive: cognitive
msg is all common
& impose

0 05

conditions so that
the computable
outer bound and
inner bound match
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Secondary/Cognitive

Vi
BT X — ) Vi ~[E} 7
Capacity Results' ™ 7=
[Enz]> X —>() — Vi »[Beez}> W

Primary
ar £ 31/ 838 g5 gy 1= X1 X 7,
‘ 2 | Ya = b|Xs + Xo + Za,
1 Marlc et aI ETT08
3
N~ Rini et al ISIT11
= R|n| et al ICC11
= elsewhere 1 bit
0 1]
A ]
R Q 1
2 é i Rini et aIAIIerton10
& Z-channel: need
4 HEHBHHHIBR (U new outer bound!
o 05 1§ e 1‘5 H é a 2‘5 Pe é & :;5: = :5‘1: a ;_‘5: - ‘5 Th'S new Outer

bound only holds
for AWGN ...
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Secondary/Cognitive

vzt
Capacity Results'™= =

(B> X6 v ~[Be}> W

Primary

[N. Devroye et al IT 2000]

secondary/cognitive (P1) Z1
W1 W2 — Xi 1 v Vi — W
a
Z>
WiWz2 — X2 z Ibé i y Yo—» \7\,\2
rimary (P2) [H. Weingarten et al ISIT 2006]

/

secondary/cognitive (P1) Z1 secondary/cognitive (P1) Z1 ~
W1 Wz — Xi ®_>Y1 — W W1 Wz — Xi 1 ®_>Y1 — Wi
Zz Z2
W2 —» Xe @_,Yz_. We Wi Wz —» X2 o O Yo— Wi We

primary (P2) rimary (P2)

secondary/cognitive (P1) Z1

W1 Wz — Xi 1 é—»Y‘ W /V
equal %a z
for |b|>1 W2 — X2 @_,Yz-» W1 W2

rimary (P2)

[l. Maric et al IT 2007]
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Secondary/Cognitive |, Z{

1bit additive gap [ﬂm@ﬂ*w

I 4O v -

rrrrr

Inspired by the capacity achieving scheme
for the deterministic channel: Ukpb = Y«

Secondary/Cognitive

—

Wi Enci | Xi —>Y1N-> Dec1 | W1 [
\XF X,

T
[

W2 Enc2 | X2 (X, X:) | Y2 [ Dec2 |» W2

Primary

R, < HM[X,)
Ry < H(Y3)
1+ Ro < H(Y5) + H(Y1| X5, Y5)
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nitive * Z1

1bit additive gap [-+g~@+v~w

[Ence > Xé—>(© > Y2 »[Decz }> W2

rrrrrrr

* Impossible to set Ukpp = Yk
e Ukpb ~ Ykdoes the trick

* Why does it work?

Gap = log(1+ Var[Y«]/(1+Var[Ukpb]) )
<=log(1+1) =1 bit
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Secondary/Cognitive * Z1

factor 2 gap = =

V2
Wz>[Enc2 |-~ Xs —>(+) = Yz -»[Decz > W2

Primary

Strong interference
| | outer bound

Achievable region in (41)

Achievable by

TimeDivision

- Multiplexing i
multiplied by 2

\\\/\/\/\/\\/\\/i\. \‘ >

| R,

Additive gap: \ \ _half a bit

\\\\\\\\\\
.

Multiplicative gap: factor 2
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Secondary/Cogpniti

Vzi
Generalized DoF [“*Hfjww

I 4O v -

rrrrr

» Useful for gDoF:
- P+ =P2:= SNR,
- B’P1 = a* P2 := SNR
- dzcirc(t)

= max(R1+Rz)/log(1+SNR)
=2max(1,a) - a := V(o)
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Secondary/Cognitive

vz
Generalized DoF =" 7=~

(B> X6 v ~[Be}> W

Primary

s /

/
\
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What is the value of cognition?

-- D-CIFC

2 —MIMO-BC
% 5 10 —5 Ry
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More than 2 pairs

e dGoF [Maamari et al, submitted to ISIT 2012]

- sum-capacity for LDA-AWGN for K=3
- drcirc(a) := K max(1,a) - o
- drsc(a) ;= K max(1,a)

W1 Xi s Y1, Wi
WaWr ) Xo Y2_>VV\,2
WsWaW1 | Xs Y3_>VV\3
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Current Work

» Cognitive channels with nested messages.

« Casal cognition, i.e., secondary users
learn the primary message(s) -- a special
case of cooperation/generalized feedback.

« Cognitive channels with oblivion
constraints, I.e., primary users are
unaware of the presence of the
secondary users.
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Thank you

danielat@uic.edu
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