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Constrained intra-cell and inter-cell cooperation in cellular networks

Main BS

Helper B \ Helper\BS

Moblle
Moblle

BS-BS cooperation inside a cell

Mobile == Mobile =
[ [

Mobile Mobile Mobile Mobile Mobile Mobile

Mobile

BS-BS or mobile-mobile cooperation across cells
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BS-to-BS cooperation inside a cell: downlink
Main BS

n 7/
X",
/7

Helper BS(1) ”
7. R ' ) 4
| /

Helper BS(2)
Ry /I UF

(Almost) lossless joint source-channel coding

Reliable communications for rates (Ry, R2) possible, if 3 encodings and decodings s.t.

P{Wy # wu{Wg = w}| —o

[1] R. Timo and M. Wigger, “Slepian-Wolf coding for broadcasting with cooperative basestations,”
IEEE Trans. Communications, 2015.
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Two scenarios for helper side-informations U and Uj

Main BS
X" g Scenario 1 : Scalar quantisation
Uk,t = ¢k(Xt)
Helper BS(1)
vy, ,/ Y” Helper BS(2
// \\ R ;1 Scenario 2 : Correlated sources
%Wl \‘\ W Ve, v Us UYL,
. Ve _{u% i ~ Pwvi vy Uy Us
RX 2

[2] D. Gunduz, E. Erkip, A. Goldsmith, and H. V. Poor, “Reliable joint source-channel cooperative
transmission over relay networks,” IEEE Trans. Inform. Theory, 2013.
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Background: No helper basestations, Ry = R, =0

to RX 2’

Main BN ](X,Y'Q)
\
SN . .? b “Information rate
x@v“ xd»" to RX 1"

wn “Information rate  H (W |V})

Reliable communications possible iff 3X ~ Px s.t.

HWIVL) <I(X; Y1)  and  H(W|V.) < I(X; Y2)

[3] E. Tuncel, “Slepian-Wolf coding over broadcast channels,” IEEE Trans. Inform. Theory, 2006.
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Source codebook, channel codebook & encoding

Source Codebook Channel Codebook
XM 1Y
X"(2)
X’Vl (3)
X"(4) iid ~ Px
Wn(QnH(W)) Xn(an(X)) _J
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Decoding at Receiver 1

Source Codebook

Channel Codebook

wh(l) |Gy X" (1)
wWn?2) | X" (2)
Wn(3) |(G———y X" (3)
v Wh4) |Gy X" (4) Y
Wn(ZnH(W))ﬁ Xn(QnH(W'))
@ Choose unique w"(i) common to both lists
l:I
" (i1) w™ (i)
Y List (i2) g0 to source w" (iz) j. typicality w(i*)
decoder : codebook : check
reduces number of n n(; d ber of
possible codewords v (lﬁxl) w (’L|C1 ‘) ;islsli%elsc 223;;;35
by factor ~ 2n1(X:¥1) by factor & 27/ (WiV1)
Timo,Wigger, Shamai — Constrained cooperation in cellular networks 7/28



Extension: Slepian-Wolf coding over BC with list decoding

@ Receiver 1 outputs £; C W"

\

o Receiver 2 outputs £, C W"

(D1, Dy)-achievable if for |£1]| < 2"P1 and |L£,| < 27P2:

Pl{w ¢ )W ¢ £2}] 50 a5 noo
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Slepian-Wolf coding over BC with list decoding

(D1 > 0, Dy > 0)-achievable iff
IX ~ Py st.

Dy > H(W|W1) — I(X; Y1)
Dy > H(W|V2) — I(X; Y2)
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Slepian-Wolf coding over BC with list decoding

(D1 > 0, D, > 0)-achievable iff
3X ~ Py sit.

Dy > H(W|V1) — I(X; Y1)
Dy > H(W|V2) — I(X; Y2)

“Information rate
to RX 2”

H(W|V3)

H(W|V;y)  “Information rate
toRX 1”
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Base-station cooperation Model 2: (W", V{7, VJ, U7, US) i.i.d.

Main BS
W

rn /
X",
’

Helper BS(1) “

Uy

A Helper BS(2)

: /N 1
N R"j // Us;
\ / %

\ ya

\ //

Reliable communication possible with helper rates (Ry, Rz) iff 3X, A1, As s.t.

H(W|Vi, A1) < I(X; Y1) Ry > I(Uy; A1l V1)
H(W|V>, A2) < I(X; Y2) Ry > I(Us; A2| V2)

and (W, Vl) — U]_ — A]_ and (W, V2) — U2 — A2
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Base-station cooperation Model 2: (W7, V{", V7, U7, UF) i.i.d.

Main BS Inform. “rate”
X"/ wr to RX 2 HWIW)
7/

Helper BS(1) “
\ 7/ N
\ v

Inform. “rate” to RX 1

Reliable communication possible with helper rates (Ry, R2) iff 3X, A1, As s.t.

H(W|Vi, A1) < I(X; Y1) Ry > I(Ur; Al|Vh)> [(W; Al V)
H(W|Va2, A2) < I(X; Y2) Ry > 1(Up; Ao |Vo)> [(W; As| Vo)

and (W, Vl) — U1 — A]_ and (W, V2) — U2 — A2
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Base-station cooperation Model 1: Uy x = ¢1(Xk)

Main BS
wn

n /s
X",
’

Helper BS(1)

Helper BS(2)

/A .
/ mn
Ry /AU,
y4
///
/

Reliable communications possible with helper rates (Ry, R) iff 3X ~ Px s.t.

H(W|V1) < I(X; Y1) + min {Rl, 1(X; Uy Yl)}

H(W|V2) < I(X; Ya) + min {R2, 1(X; UQ\YZ)}
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Base-station cooperation Model 1: Uy x = ¢1(Xk)

Main BS

Inform. “rate” H(
to RX 2

Wivi)
[}
1
)
)
)
L
sl
1,

"
N W
7’

Helper BS(1) “
\ 7/ N
\ v

Inform. “rate” to RX 1

Reliable communications possible with helper rates (Ri, Rz) iff 3X ~ Px s.t.

H(W|V1) < I(X; Y1) + min {Rl, 1(X; U1|Y1)}

H(W|V2) < I(X; Ya) + min {R2, 1(X; U2|Y2)}

Timo,Wigger, Shamai — Constrained cooperation in cellular networks 11/28



Encoding at Main BS

Source Codebook Channel Codebook
wn(l) ey X" (1)
wn2) ) X"(2)
e A @ Choose i s.t. W" = w"(i)
Wn(4) —) X" (4) iid ~ Py
e Send x"(i)
W (2 H (W) ) — X (271(X))
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Receiver 1 and Helper BS in Model 1 (Ux+ = ¢k (X¢))

Main BS

o AW
X/
"

Helper BS(1)
@ Helper BS 1:

randomly hash U7

(see deterministic relay channel)

RX 2

Lo
" (i) w" (i)
I o
- 2" (ig 4\ (i - A
Uy List (i2) go to source w" (i2) j. typicality W)
decoder : codebook check
(L) w"(ijc,)
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Decoding at Receiver 1 in Model 2: (W",V{",VJ,U7,Uf) i.i.d.
Main BS
e

n s
X",
’

Helper BS(1)
o Helper BS 1:
use Wyner's helper source code to
compress V[ into A7

@ Mobile 1: recover A] from helper bits and side-info Y;", and do:
Ly
2" (ir) w(ir)
Yy List 2" (i2) go to source w"(iz) j- typicality w" (i)
decoder codebook check
=" (L) w"(ijz,|)
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Summary on intra-cell cooperation

Slepian-Wolf coding over BCs revisited with list-decoding

@ BS cooperation Model 1: U] = ¢1(X")

— List decoding and hash & forward optimal

@ BS cooperation Model 2: U directly correlated with W”

— List decoding and Wyner-Ziv coding optimal

@ Results extend to bandwidth mismatched case and many receivers
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Intercell cooperation: BS-to-BS or mobile-to-mobile cooperation

N
Mobile e

Mobile P

e Mobile
[0 =L R
Mobile Mobile Mobile Mobile Mobile Mobile
o Cooperation over digital links of given capacities
# of conferencing rounds limited due to latency or complexity constraints J

@ For small networks: 1 or 2 rounds sufficient

[4] R. Timo, S. Shamai, M. Wigger, “Conferencing in Wyner's asymmetric interference network:
effect of number of rounds,” in Proc. of ITW, 2015.
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Wyner's Asymmetric Soft-Handoff Model

M, M, Ms; Mg
Tx 1 [Tx?] [Tx3] [TX6]
NP waX K TheaeXp |XF wasXi|Xp
AL Tudh Ly TG Zs \‘ Zg
" ;' vy Yy
Rx 1 [RXQ] [Rxfi] [R.X5] [Rxb‘]
M M, M M, Ms Mg

o K transmitter/receiver pairs (K = 6 above)
o Channel gains {ay} fixed, constant, non-zero

@ Memoryless Gaussian noises of variance o2 and equal power constraints P

Determine message rates Ry, .

.., Rk s.t. Vk:Pr(I\?/kgéMk)—>Oasn—>oo
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Wyner's Asymmetric Soft-Handoff Model

My M, . My LMy . M: . Mg
nRrs bitS[ ]nRTx bltsr \ el bltsr—] nRry bits \ s bltb‘r
Tx 1 | | Tx 2 | | Tx3 | | Tx4 | | Tx5 | ITXG]
_J —__J _J ) L
XP U XP Ixp TeaeXy X anXP | XD lasX] |XP vlaeXP|X2
&2t TwdZs S 21 I S5 g 25
vy vy vy vy ¥ ¥
B! ( ) ) ! (
Ryl | | rx2 | [ Rs | {Rxa | (R | [ R |
A nRRryx bits o nRRrx bits f7A nRgrx bits L_JJ\?LL nRryx bits 17 nRryx bits A

o K transmitter/receiver pairs (K = 6 above)
o Channel gains {ay} fixed, constant, non-zero

@ Memoryless Gaussian noises of variance o2 and equal power constraints P

Determine message rates Ry, .

.., Rk s.t. Vk:Pr(I\?/kgéMk)—>Oasn—>oo
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Communication takes place in 4 phases

M,

\ nRry bits (

LMy
nRry bits —

LM
nRry bits r

. Mg
\ nRry bits ( ]

LM
nRry bltb'[ \
Tx 1 | | Tx2 | | Tx 3 | | Tx 4 | 1 Tx5 | | Tx 6
) [ ) L - J L —J L
XP XK easXy o |Xxp el Xp asXP X2 Tagxr o |xp
&2t agzy S g7y D 14 D W74
v \e8 el v vy vy
B ( )| ( ) )
Rx 1 | Ile2JI Ile3JI | Rx4 | Ile5I IRxG]
= 'Ry Dits = Ry bits ——= ,Xb'tu;‘lA Ry bits —= Ry bit =
I7A nRgry bits nRryx bits A nRgy bits L nRryx bits 7 nRRry bits o

o Transmitter-conferencing in kT4 > 1 rounds

o Cooperative communication over network

@ Receiver-conferencing over kg, > 1 rounds

o Cooperative decoding
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Example for 4 phases: K1y = Krx = 2

M; Mg
T [ITTTT]
| Tx5 | | Tx 6
—__J [
asXP o |xm Uagxn | X7
S s A
vy vy
/) — ) — — —
Rx 1 | | Rx 2 | | Rx3 | | Rx4 | | Rx5 | | Rx 6
_J . J . J . J

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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Example for 4 phases: K1y = Krx = 2

Phase 1: Transmitter-conferencing

[ITTTT11 [ITTTT] [T 11111 [ITTTTT] [TTTTT]

Tx 1 Tx 2 O 1ys B B s Tx 6
1o (2 w3 ) Ut om0
XP v XPOKE veasXP XD elanXP | XP eLasXP (XD laeXP | X2
Bt gz a4 A S P S
e vy vy vy vy v
) (. ) (o

Rx1 | | Rx 2 | | Rx3 | | Rx4 | | Rx5 | | Rx 6

"

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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Example for 4 phases: K1y = Krx = 2
Phase 1: Transmitter-conferencing

[ITTTT] [T [ITTTT] [ITTT1T] [ITTTTT] [TTTTT]
Tx 6

Tx1 Tx 2 Tx 3 Tx 4 Tx 5
X aX! gy ThaXp (X TeaX) | X ThaXp X TeaeXy (X3
L e gz et S e e S
vy vy vi v v vy
— — — — —
Rx 1 | | Rx 2 | | Rx3 | | Rx4 | | Rx5 | | Rx 6
__J __J

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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Example for 4 phases: K1y = Krx = 2

Phase 2: Cooperative communication over network

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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Example for 4 phases: K1y = Krx = 2

Phase 3: Receiver-conferencing

I I I [TTTTT] [TTT1T1T1] [TTT1T11] I I I |
Tx 1 Tx 2 Tx 3 Tx 4 Tx 5 Tx 6
XX NE ThaeXE[XE elanXy XD eesX] [XE elaeXE[XE
2T gz e 4 A gz et S
yr vy vr Vi - yo
— (! oY\ AN om— (O
Rx 1 o Rx 2 Rx3 7 Rea [ 95 a5 | [ Rx6

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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Example for 4 phases: K1y = Krx = 2

Phase 4: Clustered decoding

T TTTT 11111 [EEEEEEE T 11T
Tx 1 Tx 2 Tx 3 Tx 4 Tx 5 Tx 6
XThaXt By Xy (X ey X asX] XD TaeX? (X7
a1 TegeZs 4 et S et S Tz
v \e Y3 vy vs' Yg'
r— n 7
Rx 1 | Rx2 n 7| Rx3 I s |0 M s | Rx6
: : . J . J
[TTTTT] TTTT] 1111 [ENEEENE] OTTTT 11T

@ Tx-conferencing: Messages can spread over kT, transmitters to left & right

@ Rx-conferencing: Output signals can spread over kg, receivers to left & right
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High-SNR Performance: Multiplexing-Gain Per User

@ Sum-capacity: Gz maximum sum of rates Ry + R> + - - - + Rk s.t. p(error) — 0

o Asymptotic multiplexing gain per user S:

K
Sum-capacity: Gz = S - > log(1 + P/c?), P/o?>1

o Conferencing prelogs i1, and pigy:

1 1
Ry = 7y - 5 log(1+ P/c?) and RRx = [lRyx - 5 log(1+ P/c?)
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Result | : Converse

SSmin{l,zNTX+2“RX+1,2RTX+2RRX+1}
2 2KTx + 2KRx + 2
2 1 2 1
ngin{l,M,M}, if 1y = 0
P kR + 2
2 1 2 1
S<mind1, 2Tt 2Tk 1l if pry = 0
2 2Ty + 2

[5] A. Lapidoth, N. Levy, S. Shamai (Shitz), and M. Wigger, “Cognitive Wyner networks with
clustered decoding,” IEEE Trans. on Information Theory, Oct. 2014.
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Result Il : Achievability

Let

HTx S, MR

KTx KRx

Then,

2p1x + 2urx +1

5 if 2%(1+HTX)+2}LRXS1

2KTx + 2pRx + 1
2Ky + 2

S > Shch — otherwise

2Ky + 2KRx + 1
2KTx + 2KRx + 2

if 2;‘@ (1 4+ KTx) + 2uprx > 1.

Tight when pty and pry small or large and when pty =0 or upx =0
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Result Il : Without limitation on number of conferencing rounds

Soo = mMin {1,

2uty + 2uRx + 1 }
2
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Comparison for kT4 = Kryx and Ty = 2rx = 4

S (,1.

0.95 Sheh (3. 3
09| -
5 st (2,2, 5)
0.85F .

08l Sheh (1; L, g)

0.7]
0.65|
0.6

0.55]

0 0.1 0.2 0.3 0.4 0.5

Figure 11 SN (k1, KRu, HTxs HRx)

o For small conferencing prelogs « = 1 suffices!

o For finite kK, multiplexing gain per user saturates below 1
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Coding scheme for unlimited conferencing rounds

o utx =1/20r ppy =1/2 = Sp=o =1

N My N M3 N My ) My R
X7 r?ij X — X — X7 — X
o
X e KE mmea [ i X e e |X
\\‘@kz; \\\‘ 23 - Zy \\\‘ 25 \\\‘ Zg
Yy Yy vy 5 T;s
2
N> Ms M, Ms Mg

o With Tx-conferencing: Xy = (M1, ..., My) or Xy = fe(Mi41, - - -, Mk)

[5] V. Ntranos, M.A. Maddah-Ali and G. Caire, “Cellular interference alignment,” IEEE Trans.
Inform. Theory, Mar. 2015
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Coding scheme for unlimited conferencing rounds

o utx =1/20r ppy =1/2 = Sp=o =1

M, M M,y Ms
S Py X

T
Q4 X§ “almbst”

n |

“almjpost”

candeled
1

cangeled

“'ulm,‘bst"
canéeled

¥

j
“alr:nost” 012X1" “aln:\ost"
canceled

4 70 Z 73 .z Lz & 73
vy vy Tn vy vy vy
E)  EJ @
Mo Ms My Ms Ms

o With Tx-conferencing: Xy = fi(M1,..., M) or Xy = fe(Mi41, - - -, Mk)

[5] V. Ntranos, M.A. Maddah-Ali and G. Caire, “Cellular interference alignment,” IEEE Trans.
Inform. Theory, Mar. 2015
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Coding scheme for unlimited conferencing rounds

® utx =1/2 0r pry = 1/2 = Sk=cc =1

Tx 2
\\Sz\tlmobt“ "\\\‘la\l\most" ‘T:\\‘;‘t\l{nost" X;L\\:‘\a\lmost" n \\‘:almust"’ X
caniceled 2 canceled 3 canceled 4 calreeled 5 canceled 6
N - ol gz gz
vy n vy
5
- Ms —
M» Ms M, M ' Ms

o With Tx-conferencing: Xy = (M1, ..., My) or Xy = fe(Mi41, - - -, Mk)

e With Rx-conferencing: My = g(Y{,..., Y]) or My = k(Y (RIS YZ)

— Interference cancelation technique causes interference to propagate!

[5] V. Ntranos, M.A. Maddah-Ali and G. Caire, “Cellular interference alignment,” IEEE Trans.
Inform. Theory, Mar. 2015
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Coding scheme for unlimited conferencing rounds

o utx =1/20r ppy =1/2 = Sp=o =1

Mo Mg
inalytive
i j |
“ahénost" 2 "itllu(:)btﬂ as Xy "ﬂlmios("’ ag XY
cahceled nanqel@d canteled
#ng voogm L zr
vy n vy
5
Rx5 [=—— Rx 6
- o Ms
M3 Ms

o With Tx-conferencing: Xy = fi(M1,..., M) or Xy = fe(Mi41, - - -, Mk)

e With Rx-conferencing: My = g(Y{,..., Y]) or My = gk(Y,erl, s YR)

[5] V. Ntranos, M.A. Maddah-Ali and G. Caire, “Cellular interference alignment,” IEEE Trans.
Inform. Theory, Mar. 2015
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Coding Scheme for Kk =1

Interference mitigation causes interference to propagate

For finite kT4« and kRry: need to switch off transmitters
= saturation of S even when pTy, Urx —> 00

o utx =1/20r ppy =1/2 = S§=5/6

1 2
(M), M)

My M, Ms
My ndctive
Tx 1 Tx 2 Tx 3 Tx 6
;,\ >~ falmost” I ~“almost” S S~ n “al miost“ n
al n Al - X ; T
! (aaﬁeeLe\rl 2 cmfmlgt\l Sl 2 caa\?eled a6 Xs
&1 I 944 5 Zg
v Yy N
G} ) )
= Y = =
M, ! M, M;

o Tx-conferencing: My and Rx-conferencing: \A’k" =g (Y))

— achievable also with oblivious-codebooks
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Extension: Conferencing Links to Multiple Left-& Right-Neighbours

rr neighbours on its left

o Combination of presented schemes

o S = FTtitiR)trry(n +rr)+1
rTx(tL+HR)+RRe (L +rR)+2

even when pry, Ry — 00

Timo,Wigger, Shamai — Constrained cooperation in cellular networks 27/28



Summary and Outlook on: Cooperation across cells

@ For small conferencing prelogs k1 = krx = 1 suffice!
o For finite KTy, KRx, Multiplexing gain per user saturates below 1

o Duality between transmitter-cooperation and receiver-cooperation

o In future: analyze different cooperation constraints

e oblivious codebooks

e more accurate latency and complexity constraints? (mobiles!)
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