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| received a signal y... now what?

Optimal detection depends on what | know about y

» System model: narrow/wide-band transmission etc.
» Signal statistics: symbol/noise distribution
» Coherent detection? (Sync, Chest)
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| received a signal y... now what?

Optimal detection depends on what | know about y

» System model: narrow/wide-band transmission etc.
» Signal statistics: symbol/noise distribution
» Coherent detection? (Sync, Chest)

Narrow-band block-fading channel model

K
Ye= Hixe + Z H;x; + ny
~—— i1tk ~~—
useful signal /= J# noise
~—

interference

» H, € C™*" channel from eNB to UE k
> x, € C™ transmit signal for UE k, x, = f(sk), sk € C™
» ny, € NC(0, 021, i.i.d. Gaussian noise vector EURECOM
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MAP and ML Criterion

Maximize probability of correct detection

» Posterior probability: P(sly, Z), s € Qp;
» Most likely symbol vector § = arg max{P(sly, Z)}
s€Qs
plyls.Z)P(s)

v

Bayes' rule: P(sly, Z) = #2727

v

ply, Z) identical for all symbols = omitted

6/32
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MAP and ML Criterion

Maximize probability of correct detection

v

Posterior probability: P(sly, Z), s € Qp

v

Most likely symbol vector § = arg max{P(sly, Z)}
s€Qs
plyls.Z)P(s)
py.Z)
» p(y, Z) identical for all symbols = omitted

» Bayes’ rule: P(sly, Z) =

Bits are randomized by scrambling/interleaving

» Symbols s(i) are independent = symbol by symbol detection optimal
» Bits/symbols are approximately uniformly distributed
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MAP and ML Criterion

Maximize probability of correct detection

» Posterior probability: P(sly, Z), s € Qp;
» Most likely symbol vector § = arg max{P(sly, Z)}
s€Qpy
plyls.Z)P(s)
py.Z)
» p(y, Z) identical for all symbols = omitted

» Bayes’ rule: P(sly, Z) =

Bits are randomized by scrambling/interleaving

» Symbols s(i) are independent = symbol by symbol detection optimal
» Bits/symbols are approximately uniformly distributed

MAP = ML if P(s) = -

~ Mng

» ML criterion: § = arg max{f(p(yls, Z))}

seQp =

» Monotonic function f(x) = f(p(yls, Z)) likelihood function ==~ ==
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Separate Interference Scenarios
Self-interference (SU-MIMO)

» y=Hs+n

» Symbols of same UE interfering

» UE knows effective channel H = HG and constellation Q;\’;
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Separate Interference Scenarios
Self-interference (SU-MIMO)
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» Symbols of same UE interfering

» UE knows effective channel H = HG and constellation QX/S,

Inter-user interference (MU-MISO)

> yk = Higrsk + Hy Zszl,jgék gjsj + Nk
» Transmissions of different UEs interfering

» UE knows effective channels h; = H,g;
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Separate Interference Scenarios

Self-interference (SU-MIMO)
» y=Hs+n
» Symbols of same UE interfering

» UE knows effective channel H = HG and constellation QX/S,

Inter-user interference (MU-MISO)

> yk = Higrsk + Hy Zszl,j;ék gjsj + Nk
» Transmissions of different UEs interfering

» UE knows effective channels h; = H,g;

Inter-cell interference

> yx = Hise + ZJ-K:L#,( Hjs; + ny
» Symbols of different cells interfering =

» UE may know coarse channel estimates H; =50 52 Y
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Mixed Interference Scenarios

Multiple streams to multiple UEs (MU-MIMO)

> yi = HiGpsy + Hy ZjK:Lj;ék Gij + Ny
» Multiple SU-MIMO transmissions to different UEs interfere
» UE knows effective channels H; = H,G;, Q’,(j‘k but not Q'I:ff,j
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Mixed Interference Scenarios

Multiple streams to multiple UEs (MU-MIMO)

> Yy = HkaSk +Hy, ZjK:Lj;ék GJ'SJ' + Ny
» Multiple SU-MIMO transmissions to different UEs interfere
» UE knows effective channels H; = H,G;, Q',(;‘k but not Q',(j,yj

MU-MISO to UE at cell-edge

> yk = HiGysk + Hy Zf:l,j;ék Gjsi + Z/L:1,/7ék,j His; + n
» UE knows effective channels H; = H;G; and I:|,

» SU-MIMO or MU-MIMO transmissions usually not applied for UEs
at cell-edge, which are prone to inter-cell interference
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Single-Transmit Antenna Multiple Receive Antennas

SIMO:y =hs+n
» ML: s =argmax{f(p(yls, Z))} with f(p(yls, Z)) = Inp(y]s, h)

sEQy
» plyls, h) € Ne(m, C) with Ely|s, h] = hs and C = E[nn"] = 21,
> Inp(yls,h) = —In(n™c?™) — L |y — hs]|?

> §=argmin{|ly — hs||?}
s€Quy
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Single-Transmit Antenna Multiple Receive Antennas

SIMO:y =hs+n
» ML: s =argmax{f(p(yls, Z))} with f(p(yls, Z)) = Inp(y]s, h)

sEQy
» p(yls,h) € NC(m, C) with Ely|s,h] =hs and C = Elnnt] = 02I,,r
» Inp(yls,h) = —In(m™02") — %Hy —hs|?
> §=argmin{|ly — hs||?}

s€Qu

BICM Soft-decision metric

» Channel decoder require some measure of how likely a certain bit is
either 0 or 1 = LLR A(y|s(bk), h)

_oy exp(—- ||ly—hs]?
> Alyls(bk), h) = In( &}ik—lﬁ) =In (ZSEQM(bk_O)e ol ?Hy_ st)>

Y scapy (1) (= Zzlly—hs|?)
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MaxLog Approximation

Sum = Max
> Largest terms in exp(x;) tend to dominate for small o2
= Y ;exp(—x;) & max(exp(—x;))
> Alyls(bk), h) =
MaXseoy, (b=0) {—%”Y - h5||2} — MaXseQy (b=1) {—%Hy - h5||2}
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MaxLog Approximation

Sum = Max

> Largest terms in exp(x;) tend to dominate for small o2
= Y ;exp(—x;) & max(exp(—x;))
> Alyls(bk), h) =~
MaXseoy, (b=0) {—%Hy - h5||2} — MaXseQy (b=1) {—%Hy - h5||2}

For MaxLog Turbo decoder % not necessary
_ _ _ 2
A = max {—[ly —hs|*}
_ lull2 — 212
—sngg;;{ Iyl +2%(s*y) — [h]]*Is|*}

= max {2[R(s)R(y) +3(s)I(¥)] — |h|? [R(s)* + I(s)?] }

sEQy

» Matched filter y = hHy
» Common term ||y||> can be omitted in maximization =
> LLR of bit k (by is MSB) given by Ay = A(bx = 0) — A(by ="
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QPSK

Separate LLR into real and imaginary parts

Ak =max {2R(y)R(s) — [h[*R(s)*} + max {23(7)3(s) — [|h[*3(s)*}
—max {2R(y)R(s) — |[h[PR(s)*} — ma {23(y)3(s) — |In[I*3(s)*}

J(s) » For k €{1, 3,5} max over J(s) cancel
10 00 » For k € {2,4,6} max over R(s) cancel

1
1

faiy
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QPSK

Separate LLR into real and imaginary parts

Asc=max {2R%(7)(s) ~ [h|PR(5)°} +max {23(7)3(s) — [Ih[*3(s)?}

—max {2R(y)R(s) — [|h[*R(s)*} — max {23(7)3(s) - Ih[*3(s)*}

be=1

J(s)

1
1

faiy

» For k €{1, 3,5} max over J(s) cancel
» For k € {2,4,6} max over R(s) cancel

Ar = S)&‘(T)a:erl{9%7)9%(5)} - E)Lt(rg]aZX_l{9%()‘/)9‘{(5)}

=R(y)

Ap = j[rsr}iil{ﬁ()‘/)ﬁ(s)} - 3(3151{3(7)7(5)}

=73(y) =
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Simulation QPSK

R(y),3(y) >0 y=|hlPs+n

) G000 7000 0 ) 200

F Output

EURECOM
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J(s)

1011 1001 0001 0011

11 ) 1
1010 10/00 0000 0010

10 2

R(s)

1110 1100 01/00 0110

14 12 4 €
1111 1101 0101 0111

15 13 5 7

14/32

16-QAM

y i - 2
SR+ i m(y)<,2%
A1 = ﬁm(y) if IRy < 2\\|/hlz%
BRF) - HIhP i R(y) > 2L
_ ) ) o
Vo3 (7) + fllhl®if :i(y)<,2%
Ny = ﬁj(}_/] if 13(y)] < 2‘\|/hl2%
%5‘('3*%%”2 it 3(y) > 2h
—4
A3 = ——=|R(y hl|2
3 \/El (¥ H I
—4
A== +— h|)?
4 \/El 62l lIhll
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16-QAM

J(s)
2
1011 | 1001 ¢ 0001 | 0011 LR+ BIRR it R(p) < 2L
. _ 2
T ’ L M= R it |9(y)] < AL
B R(y)— B[h2 if R(p) > AL
1010 = 1000 | 00000 | 0010 SR — GlhlP i R > = A
= . - 2
10 v R(s) L5337 + Slh|2 i 3(y) < -2l
s =2 3(y j v 2|hy?
1110 | 1100 | 0100 | 0110 N2 =1 73] if Ii?(y)lg‘lh{lg0
8 ~g(y)_ 8 2 = 2
14 12 4 ¢ I = HIhP i 3(7) > 20
Az = ——|R(V)| + — ||h||?
1111 | 1101 | o101 | 0111 i A T
5 13 > 7 A :;43 v +E hil2
. LR L

» Scale LLRs by \/% and approximate most significant bits

Q

R(y) As=—R{)I+ F5lhl?

A
A= 3(y)  Aa=—-3(y)l+ \ﬁ||h||2 =

Q

—

1
2
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Simulation 16-QAM

_ - 2

3 3=—"R (_)/H+ th\L

y)  As=-3(y) +\ﬁHhH . )
y=|hlPs+n

12060 14000

» 75% of LLRs are +1 and 25% are +3

EURECOM
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Interference-Unaware Detection/

64-QAM

rZ

ﬁvz

< o | A2

rrﬁuﬂrm
m” ES
HOE H % B H S
oo o o
EEE =f==
2\ IY @Y ol YR
+ + + [
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ofF allf S IS o S oS
— | | | ) | —

I
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A1(R — T)

Ay =
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£ £ =
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=8
V42
—4
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V42

]

Ag = NA3(R—7T)
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42
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42

16]/h]?

4 _
E\iﬁ(y)\-k

As(R —TJ)

/\5:7‘7

Ne =

EURECOM
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-
o

TR+ BN i R(y) < ~UY A1~ R(y)

2 m(p) + Bph)2 it —CURE ¢y (y) < =4I

vz MY vaz ST 2, NAa=T(y)

Lfﬁ( )+ Hh”Z if —4||h||2 <R(y) < —2||h)2 2 Y

Va2 32 1 \/‘ﬁ2 = Y ‘/g

4 0o 20 )~ 2inl
A1 ﬁ%(y) if «/4;2 SRy) < \/?2 _lm( r||h||2

. 2|lh - 4]|h

L R(y) - 42\|h||2 if %2 <R(F) < %2

12 2 ip 4l oy < ol

Genw - gine i DR <nm <B4 oy ﬁ||h||2

JeRE) - BIhP i R(p) > L ) )
Az = AL(R — T) /\5——‘—9%( )|+4||h|| -I—M

. _ 2
SEIR(p) -+ Gn|2 it \m(;;)@ﬁ“j% , \/4722 \/42
_ ) .0 2|h _ 6lh

As =4 ZEIR(E)+ Bl it 2 < \m(y)2| < 0% As = — |—3(7)| + AhlE |, 2lh®

IRy + @nhnz it 9 (y)] < 2 Va2 V42
NAg=A3(R—7T)

4 _ 16][h[1*| , 8]lh|1?

As — *ﬁ‘m(y)‘+T 42

NAe = As(R — T)

» Scale LLRs by \/% and approximate first 4 bits EURECOM
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Simulation 64-QAM

= (T AlS 4]n]? 2|h|2
MERF) Asx—IRE)+ 507 As == |[—IR(7)] + | 4 2L
_ = (5 4[n|2 2|[h|2

A 3(7) Am—P3F)+ Al As=—|—[3(7)|+ L] 4 2L
- _ 2 ~

y =|hl*s +7

7 3 1 =
> 15 of LLRs are +1, 15 are =3 and 55 are £5 or £7 i
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Interference-Aware Detection/SU-MIMO

19/32
Multiple Streams to Single User
Transmission Model
»y=Hs+n=HY} gs+n
» Effective channel H = HG, h, = Hg
» §=argmin{|ly — Hs|?}
seQps

EURECOM
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Multiple Streams to Single User

Transmission Model

»y=Hs+n=HY} gs +n
» Effective channel H = HG, h, = Hg

» §=argmin{|ly — Hs|?}
seQps

Distance Metric Computation

ly —Hs|* =y — > hesi®

k=1
—||y||2+Z||hk|| Jsil? 22% Vst +2Z Z Rpisis))
k=1j=k+1
» MF 7, = htly and correlation factor py; = h''h; -3
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Special Case: 2 x 2 SU-MIMO

MaxLog Approximation A = max {—|ly — Hs|?}

A= fé“;gfs{*ﬂﬁlﬂzlsﬂz — |22l + 2[R (1) R (s1) + T(71)I(s1)] — 2mR(s2) — 223 ()}
SESN

> M1 = R(p12)NR(s1) + T(p12)I(s1) — R(j2) and
> 12 =R(p

12)3(s1) — T(p12)R(s1) — J(¥2) are independent of sp!

EURECOM
=] =
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Special Case: 2 x 2 SU-MIMO

MaxLog Approximation A = max {—|ly — Hs|?}

A= max (=l [Pls1” = [Ih2]?|s21* + 2[R (71) R (1) + F(71)T(51)] — 2mR(s2) — 2n23(s2)}
s€ ,ﬁ

max {—[lhy %[5 )” — [Iha]1?[s2/? + 209 (72) R (51) + 3 (72)3(51)] + 2R (52)] + 22l 3 (52)1)
sE M

» 11 = R(p12)R(s1) + T(p12)I(s51) — R(¥2) and
> M2 = R(p12)T(s1) — T(p12)R(s1) — I(¥2) are independent of s,!

> Maximized if R(sp), J(s2) have opposite sign of 11,12, respectively
= —2mR(s2) = 2mlR(s2)| and —2n23(sz) = 2M2||I(s2)]
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Special Case: 2 x 2 SU-MIMO

MaxLog Approximation A = max {—|ly — Hs||?}

A= max ([l *ls1f? = [lhz|*l2]* + 2[R(7)R (s1) + 3 (71) 3 (s1)] = 2mR(s2) — 223 (2))
s€Qn

= ?Sé{fl\ﬁlllzla\z = Ih2[PIs2l? + 2[R (1) R (s1) + I (1) T (s1)] + 21 lIR(s2)] + 22113 (s2) [}

S€2M

> M1 = R(p12)R(s1) + T(p12)I(s1) — R(y2) and

> M2 = R(p12)T(s1) — T(p12)R(s1) — I(¥2) are independent of s,!

> Maximized if R(sp), J(s2) have opposite sign of 11,12, respectively
= —2mR(s2) = 2m1[[R(s2)] and —2n23(sz) = 22||I(s2)]

» Setting the derivative w.r.t. |R(s;)], |J(s2)| to zero yields

* __mil * _ _Ima2l
[R(s2)[* = Tl and [J(s)[* = Tl
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Special Case: 2 x 2 SU-MIMO

MaxLog Approximation A = max {—|ly — Hs||?}

A= mgﬁs(*\\ﬁlﬂz\sﬂz — [lh2|?[s21? + 2[R (71) R (s1) + T (71) I (s1)] — 2mR(s2) — 2n23(s52) }
se M

max (— [y PIs1? — [[fa|2ls2? + 21 (7) R (51) + 3(72)3(51) + 2mil 1R ()| +2mall3(52)1)
SEQy

> M1 = R(p12)R(s1) + I(P12)I(s1) — R(¥2) and

> M2 = R(p12)T(s1) — T(p12)R(s1) — I(¥2) are independent of s,!

> Maximized if R(sp), J(s2) have opposite sign of 11,12, respectively
= —2mR(s2) = 2m1[[R(s2)] and —2n23(sz) = 22||I(s2)]

» Setting the derivative w.r.t. |R(s;)], |J(s2)| to zero yields

* __mil * _ _Ima2l
[R(s2)[* = Tl and [J(s)[* = Tl

» Search reduced by one complex dimension

» To detect s, exchange indexes 1,2



QPSK-QPSK
Maximization takes the form

$€Q

A = maxs, co, {R(71)R(s1) + I(71)I(51) + M1lR(s2)] 4+ M2l|T(s2)[}

IE
EURECOM

...............
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Maximization takes the form

A =maxs e, {(R(y1)R(s1) + I(71)I(s1) + M1lR(s2)] + M2llT(s2)[}

$€Q

Ai(s1) Zmax{ ‘Lg’z) - 5—\/1% ’3(2_2) - :_)/% + 3(2_1)
R(y2) P J(y2) | P12 J(5n)
‘T’%+‘ 2 Tl 2 }
_max{ el +a7% +’3(2-2) _571% 20
R(y) | P12 J(y2) | T ()
‘TJFW +’ 5 +\/1§ -= }+m(y1)
» With p12 = R(p12) + J(p12) and pip = R(pP12) — I(p12) =
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QPSK-QPSK
Maximization takes the form

A =maxs e, {(R(y1)R(s1) + I(71)I(s1) + M1lR(s2)] + M2llT(s2)[}

$€Q

A2(s1) :max{‘Lg’z) - 5—\/1% +‘3(2_2) — i_)/% + m(z_l)
‘m(yz) L D +‘3(72) _pr| RO
2 V8 2 B 2
_max{ A() _57% +‘3(2-2) +571§ + R0
R(y2) | P12 I(y2) | Pha| _ R
‘ 5 +%+‘ > sl 2 }+J(y1)
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Simulation QPSK-QPSK

y1 = ||h1]?s1 + Pras +

\

EURECOM
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MU-MISO

Transmission Model
> Yk =hs + Y5 hjsi + 0y

» Effective channel h; = h,g;

Comparison to SU-MIMO

» Transmission model identical except no need to decode interfering
symbol

» Interfering symbol constellation unknown
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Inter-cell Interference

Transmission Model

> yi = Hys, + ZJ-K:L#,( Hjs; + ny
Challenges

» UE at cell edge syncs to interfering cell = Chest

» Pilots and data of interfering cell and serving cell interfere = bad
Chest

» DLSCH power control (pa, pg) can be used to decrease pilot to
data power

» Useful in scenarios where UE could decode at low SNR but is
strongly interfered

» How good must Chest be for IA to work?
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QPSK Interference
MCS; = {9, 16, 20}, MCS, = 9, n, = 2, SCM-C, no HARQ

10° E ]
E ,a\ ******* .
B RO otk ok K ok ok fedeofok k|
101 -
o - .
(NN ]

w i ,
m i i
1072 ¢ o 1A Ay=04 |
E —=— |A, .A2:Qlﬁ E
- 0 —— A, Ay =064 ||
MCS; =9|| MCS;=16] | _, |, |

10_3 | | | | T T T

0 5 10 15 20 25 30 35 40
SNR [dB] EURECOM
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16QAM Interference
MCS; = {9, 16, 20}, MCS, = 16, n, = 2, SCM-C, no HARQ

100 F 1
E ****—****************—**** E
1071 | g
o :
wi

i 7 i
- I i
1072 ¢ g
i —— A, A>=Q ]
| M081:9||M031:16| A 2=64 ||

1073 | | \ \ ) ‘ :

0 5 10 15 20 25 30 35 40
SNR [dB] EURECOM



Simulation and Measurements/Unknown Interfering Symbol Constellation 28/32

64QAM Interference
MCS; = {9, 16, 20}, MCS, = 20, n, = 2, SCM-C, no HARQ

10 8 W® ege =
o i ———
[N ]
L i i
m l N
1072 F H
i o A, Ay=0Qg4 |1
[Mes; =9][mMcs, =16] |, 0 |
10_3 | | | | T T T

0 5 10 15 20 25 30 35 40
SNR [dB] EURECOM
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Single-Antenna Receiver

MCS; vs. average throughput with n, =1

900 LI T T T T T 7 I I I I I I
001U Receiver

800 1111A Receiver
700 -
600 -
500 -
400 -
300 (-

200 -

=yl LA

2 4 6 8 10 12 14 16 18 20 22
MCS; EURECOM

average throughput [kbps]




and M

average throughput [kbps]

Real-Time M 30/32

900
800
700
600
500
400
300
200
100

Dual-Antenna Receiver

MCS; vs. average throughput with n, =2

001U Receiver
JOIA Receiver

3mmww

{1 |
2 4 6 8 10 12 14 16 18 20 22
MCS; EURECOM
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Summary

> |A receiver achieves significant gains even with false assumption on
interfering symbol constellation

» Throughput increases drastically if multiple receive antennas are
available

» If interfering constellation unknown, assume the same as desired
constellation

» Extension of IA receiver to different interference scenarios possible

» To employ the IA receiver requires knowledge that interferer is
actually present

» How well does IA receiver work for bad channel estimate of
interferer?
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