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Introduction to Cooperative Communication

Cooperative Communication

Cooperative Communication - Overview

~~_ Destination

Source

& Independent fading paths

@ A new form of spatial diversity.

@ Users cooperate to relay signals of each other, and emulate a
virtual array of transmit antennas.

@ Huge potential in improving the reliability of the wireless o
network.
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Introduction to Cooperative Communication

Cooperative Communication

Amplify-and-forward - Two stages of transmission

Source
& W\/WV\/W\N\/ Destination
Source bits

o First stage: Source (S) transmits to both Relay (R) and
Destination (D).

@ Second stage: Relay amplifies the received signal and forwards
it to Destination.

@ Destination combines the two received signals to decode. g or
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

System Model (in Part I)

Py
Relay 1 \t1
s Relay 2 t2 y
Source s P, Destination
Po . P
5 tr .
Relay R |~

@ One antenna per node, used for both TX and RX.

@ R relays work in half-duplex mode, Amplify-and-Forward (AF)
protocol is considered.

@ No direct link from source to destination.
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System Model

Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM

Power Allocation (PA) in DSTC

Optimal Training and Mismatched Decoding in DSTC

Distributed Space-Time Coding (DSTC

o First stage

Source o

* Destination

Po
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM

Power Allocation (PA) in DSTC

Optimal Training and Mismatched Decoding in DSTC

Distributed Space-Time Coding (DSTC)

o First stage

Source

* Destination

Po

@ Second stage

Relay 1 t‘

Relay 2

Py Destination

y=Y Gt +z, =XAh+z

Relay R 1
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System Model

Fourier-based DUSTM

Power Allocation (PA) in DSTC

Optimal Training and Mismatched Decoding in DSTC

Part I: Distributed Space-Time Coding (DSTC)

Distributed Space-Time Coding (DSTC) (cont.)

@ The mathematical model is

yzzg','t,'+ZD=X/\h+Z
i=1

where x _ [Ass, ..., Ars]

a3 2 2 2 2
A = diag (\/5105061, ceny \/ERO'FRO'GR)

T
h = |:fi_(*)g1, ey fé*)gR:|

(* ) 1
z E cio=giAiz z
\/PoTO'R Gg Ri \/P0T0'2D P
@ X is now a distributed space-time codeword. @
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Early Works and My Works in DSTC

@ Applying ST coding in MIMO systems to relay networks.

@ Coherent networks (CS/ of S — R, R — D known): linear
dispersion DSTC [Jing06], orthogonal DSTC [Jing07].

o Partially coherent networks (only CSI of R — D known):
differential DSTC [Kiran07].

@ Noncoherent networks (CSI unknown): cyclic DSTC
[Oggier06].
@ My approach:

@ Propose Fourier-based Distributed Unitary Space-Time
Modulation (DUSTM): design source signal s, and relaying
matrix A; — design Xy.

@ Provide a unified analysis for partially-coherent and
noncoherent networks. @
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM

Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

DUSTM in a Partially Coherent Network

@ The ML decoding is to maximize the probability
p(y|Xk,{gi}). The decoding rule could be found as

Xy = argX max « yHXkCXf{y7 (1)

k=X1,..., X

where

L Bilgi|? Brlgr|?
C = diag Sy 5
v+ P11 v+ Brlgrl

R
1 2 (.12
Y= PoT 1+;5i06,-’gi’

2 2
,8,‘ = E,'O'FI_O'GI,.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

DUSTM in a Noncoherent Network

@ p(y|Xk) does not appear to have a closed-form expression.
The optimal ML decoder is unavailable.

@ A suboptimal Generalized Likelihood Ratio Test (GLRT)
decoder can be derived as

XrrL =arg . max _ y "X, X}y. (2)
Xe=Xy,...,.X
© Remarks: The difference between the ML decoder in (1) and
the GLRT decoder in (2) is the existence of the matrix C,
which contains the CSI of the R — D channels.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Partially-coherent vs. Noncoherent

——Noncoherent — 3 relays "

——Noncoherent - 2 relays N
10 °H -4- Partially coherent - 3 relays S
-+ Partially coherent - 2 relays
- 4 - Coherent - 3 relays
-+ - Coherent - 2 relays

5 10 15 20 25 30
PindB

@ Symbol error performance of DUSTM: 0,251_ =10 and J%I_ =1 -]
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM

Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

The Optimization Problem

@ The average SNR at the destination:

R 2 2
PoT 2_;—1€i0EOC.
SNR = 0 Zl—l Fi~ G;

: (3)
RN, R .52
01+ 3.7 ¢iog
@ The optimization problem
P4
) Relay 1
g \\\ 2
F CJ'G1
Uéz Relay 2 ) maximize SNR
Source e P Destination
) .
Py UFR * Pr
RelayR |~ R
subject to: Y P, <P @
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Balanced Networks

o Early works only consider the special case: 0',_— = 0% =1,
the“Equal PA" scheme Py = P/2, P; = P/(2R) is optimal.

@ My approach: Study the PA scheme for arbitrary JF,- and O'Gl_.

o Balanced networks: 0,2_-1 =...= 0,2_-R = 02, and
0261 =...= U2GR = O'2G, the optimal PA scheme is
V/(Po2+No)(PoZ+No)—(PoZ+No) .. o 2
Py = 202 ,if o # 05
P/2, if 02 = 0%
P =...=Pgr=(P-Py)/R.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Unbalanced Networks

@ The network is called unbalanced if the conditions

2 2 2 2
0f, =...=0g, and 0 = ... = 0g, are not met.

@ To get the maximum SNR, the relay power is allocated to the

best relay, say the jth relay. Thus, only one fading path is

active — compromise the performance of the DSTC.
Pi=0

_» Relay 1

2 / N

Relayj ~_ _ Ué
<G

Source F «|P>0 2 - ‘. Destination
(o} -
. Gy
Po * Pr=0
N Relay R I
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Balancing the Unbalanced Networks

@ The amount of fading (AoF) is a common measure of fading
severity in a fading channel model.

@ Establish the condition to minimize the amount of fading in a
relay network to balance the fading statistics of each
S — R — D link.

@ With the AoF constraint, the optimal PA scheme

\/(Pa—l—c)(ll’)Ii—I;c)—(Pa—I—c), (£ b ?é 3
P/2, ifbh=a
P — PO P00',2_—l_ + NO
Pob+ ¢ U%iaéi ’

Po =

| =

1,...,R, (4
9

where a, b, and ¢ are parameters. Wversrry or
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Some Remarks

@ The proposed PA scheme achieves the maximum diversity
order in all coherent, partially coherent, and noncoherent relay
networks.

@ The proposed PA scheme yields a significant performance
advantage over the “equal PA” scheme.

@ Consider the unbalanced network:
Source Relays 3, 4 Destination

——e ° ° °
Relay 2 Relay 1
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Part I: Distributed Space-Time Coding (DSTC)

Noncoherent Network

System Model

Fourier-based DUSTM

Power Allocation (PA) in DSTC

Optimal Training and Mismatched Decoding in DSTC

- 4 -Optimal PA with AoF const.
- = - Optimal PA without AoF const|
- e -Equal PA

10 L L

5 10 15
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25 30 35

PindB

@ Distributed Unitary Space-Time Modulation (USTM) is
applied to the noncoherent network with 2 and 3 relays.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Coherent Network

10° ‘ ‘ : : :
| B - 4 -Optimal PA with AoF const.
oS y - = - Optimal PA without AoF const
16 CE e |- e-EqualPA I
107
o
w
n
10°%
107
. S N
16 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30 35
PindB
o Distributed Orthogonal Space-Time Block Coding (OSTBC) @
is applied to the coherent network with 2 and 4 relays. SR
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Optimal Training in DSTC

@ Coherent ML decoding of DSTC requires the knowledge of
channel coefficient vector h.

@ Need to estimate h at the destination:
o Send a known training sequence u from the source

Yr = XTAh +z7,
where X7 = [Au®) ... Agu)].
o Estimate h from y+, X7, and A.
o Early works studies the optimal design of X+ [Gao08|.
@ My approach: find the optimal PA scheme in training phase,

and investigate the impact of imperfect CSI to the coherent

code.
=)
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Mean-Square Error in Channel Estimation

@ Maximum Likelihood (ML) estimation:

cov (Ap) = A Y (XEX )AL

where 7 = Ep] = 77 (1+ X%, 0% laiP)
@ Minimum Mean-Square Error (MMSE) estimation

1 -1
cov(Ay) = <|R + §AX771-XTA> .

@ The mean-square error (MSE) is minimized when
@ X is orthogonal [Gao08].
@ The optimal PA scheme with the minimum amount of fading @
constraint. Uversiy or
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM

Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Coherent Network

Total MSE

_s| | ——Equal PA — ML estimation
f| -a- Equal PA - MMSE estimation ‘ 3
—+— Optimal PA - ML estimation
—+- Optimal PA — MMSE estimation

5 10 15 20 25 30 35
PindB

@ Total MSE achieved with ML and MMSE estimators, and
with the optimal and equal PA schemes.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Mismatched Decoding

@ Recall the system model
y = XAh + z.
@ Use the estimated CSI h

X = arg rr)1(|kn ”y — Xkl\ﬁ”z.

@ The same diversity order is achieved with imperfect CSI
estimation as with perfect CSI.
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System Model
Part I: Distributed Space-Time Coding (DSTC) Fourier-based DUSTM
Power Allocation (PA) in DSTC
Optimal Training and Mismatched Decoding in DSTC

Coherent Network

10 1
[
w
]
10° 4
10°H 4
——Mismatched decoder — ML est.
—e—Mismatched decoder - MMSE est. * |
-=- Coherent decoder \
10’5 T T T L
5 10 15 20 25 30 35
PindB

@ Error performance of DSTC with different types of decoding.
Red lines: Optimal PA, Blue lines: Equal PA.
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Introduction to Part Il

@ With full CSI, the relays can beam the retransmitted signal to
the destination = received signal is coherently constructed.

@ Early works only consider power allocation at the relays for a
one-source one-destination network.

@ My approach: Find optimal power allocation for a
multiple-source multiple-destination network
(i) Minimizing the sum relay power with guaranteed quality of

service (QoS).

(i) Maximizing the joint SNR margin subject to power constraints
at the relays.

@ Apply convex optimization to investigate the problems.

o Propose simple and fast converging algorithms. @
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

System Model (in Part II)

Relay R

o N users (S, — D) compete for the power resource at the R
re I ays . UN[\'§I‘\’ OF
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Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

System Model

o First stage
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Introduction & System Model

Part Il: Distributed Beamforming gklglgalclt;reg?an\(/\)zximization

System Model

o First stage

ni
rn,i = fn,iSn + Zr"‘, | -

t,, =W,

i nin,i

@ Second stage

Relay 1

Relay 2
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Instantaneous SNR

@ The received signal at the nth destination is:
T
Yn=8nth+ 24 = hz,{w,,s,7 + z,.
@ Instantaneous SNR at destination-n

o2 |hHw,|2
SNRn: Sn| § ”|

1/2 :
oRl1Gr *wal 2 + 0%
o Let p, be the total relay power allocated for user-n

ph=E [||t,,||2} =w'D,w,.
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Introduction & System Model

Part Il: Distributed Beamforming SVL\JIT?raI\r/lIt:reg?an\?gximization

Without Per-Relay Power Constraints

@ Minimize the sum relay power with guaranteed QoS.

@ Can be performed separately for each user

p, =IDyw, IF

Relay 1 N
- "’@”“ - \hnl
Wi
Relay 2 h*2
Sn/,’/ /_/,««"‘ﬂ o W h n“*—x\ \‘Dn
A
°o n2 *e
. p -
* h* /”/ 3 . >
. RelayR / R - subject to: SNR| =y,
W | (=)

minimize P,
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Without Per-Relay Power Constraints - Solutions

@ Second-order cone programming (SOCP).

o Find p, directly, determine the optimal beamformer w,,
accordingly.

minimize pp,
Pa(yn) = “
. R an,iPn
subject to > 1, 15, 4p; 2 Imo

where a,, ; and b, ; are parameters.

@ Simple fixed point iteration

1 Tn
P = e 2 )

Zl_l bn :+Pr(1t) @
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Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

% 10 T
n Sum relay powep,
) . R
= |\ - Achievable SNR at destinatio
< 8l 4
>
Q .
= \
S :
< \J
T 6f A E
c ~
< Sieo
o} LN T E
s 4 X f
a ’
& g
© 7
N ’
5 1
()] /

0 i i i i i

0 2 4 6 8 10 12

Number of Iterations

o Fixed point iteration with different starting points.
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

With Per-Relay Power Constraints

@ Power constraint at each relay.

@ Uniformly minimize the margin P;/P™®*, denoted as .
N
P = IID’Ew, If
n=1

Relay 1

subjectto: SNR_ 2y,

> -
P max
f max
minimize az PI F)| S aF)| UNIVERSITY OF
i=1 SASKATCHEWAN
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Without Per-Relay Power Constraints - Solutions

@ Second-order cone programming (SOCP).
@ Study to dual problem:

& The Lagrangian, the dual function, and the dual problem.
@ An equivalent virtual uplink channel to the dual problem

Antenna 1

Gaussian noise

02D,Q+Pp,0%G,

minimize P, subject to: SNRn 2

@ Solve the dual problem, and find the optimal beamfomer wn_Um.@
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Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

Norm Residue of Beamformers

10_ i i i
0 10 20 30 40

Number of Iterations

o Convergence through the plot of Z,’:’Zl lw, —wj.
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Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

Power Consumption Comparison

'
o

N W
()] o1
T T

Sum Relay Powers
=
g
S

2| 30
Channel Realizations

a1
\

o
[N
o

N
o

Highest Relay Powers

0 10 20 30 40 50
Channel Realizations

@ Red lines: without per-relay power constraints
vs. Blue lines: with per-relay power constraints.
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Sum Relay Power Constraint

@ Jointly maximize the SNR-margin

- . SNR,
maximize min
Wi,...,Wpn n ’yn

subject to  Prelay

max
< relay*

@ Solutions: bisection method, modified fixed-point iteration to
directly find the optimal solution:

. Yn
Pn = ZR ani
=1 bn,i+pr(1t)
then normalize the result
(t+1) _ _Prelay
t+1) relay
e 9
D=1 P R

Duy H. N. Nguyen Advisor: Prof. Ha H. Nguyen Optimization in Wireless Multi-relay Networks



Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

@
S

Relay Power for User-1
== Relay Power for User-2
= = = Relay Power for User-3

N

Relay Power Per User

1 P
‘ s 10
Number of Iterations
5 20 ; ; ; ;
3 User-1 SNR
& \ == User-2 SNR/|
4 = = =User-3 SNR
& =
£
4 8 10
Number of Iterations
@ Convergence of the modified fixed point iteration for each (=)
user and the corresponding SNR. SASKATCHEWAN
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Introduction & System Model
Guaranteed QoS

Part Il: Distributed Beamforming SNR Margin Maximization

Sum Relay Power Constraint

@ Jointly maximize the SNR-margin

. . SNR,
maximize min ——
Wi,..., Wy n Yn

subject to P; < P j=1,...,R.

@ Solutions: bisection method, an iterative algorithm to directly
find the optimal solution.
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Introduction & System Model
Guaranteed QoS
SNR Margin Maximization

Part Il: Distributed Beamforming

107k 1

10°F E

Norm Residue of Beamformers

10_ i i i
0 10 20 30 40

Number of Iterations

o Convergence through the plot of Z,’:’Zl lw, —wj.
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Introduction & System Model

Part Il: Distributed Beamforming gllilglgal\'}ltaereg?an\(/)liximization

SNR & Power Consumption Comparison

5
£ 4
g3
=
x 2
P4
n1

0 i i i i

0 10 20 30 40 50

Channel Realizations
[
g 30 hn R
& 25+ 7 Tygey o t q
> I I g N Ao
3 20l \ \ O N
EZO AN "' [} ’\‘I\’\l\/\ ’\/I \1‘\!‘/ \,\,r
Lz / ERV Y] ST \ Sy
.g 151+ O o \I \lI Y Ny
310
T 5 i i i
0 10 20 30 40 50

Channel Realizations

@ Red lines: sum relay power constraint
vs. Blue lines: per-relay power constraints.
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Conclusion

Summary

@ Distributed space-time coding: code design, power allocation,
training and mismatched decoding.

@ Distributed beamforming for multi-source multi-destination:
power minimization with guaranteed QoS at the destinations,
SNR margin maximization with power constraints at the
relays.

QUESTIONS?
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Conclusion

Contributions

0 “Power Allocation and Error Performance of Distributed Unitary Space-Time Modulation in Wireless Relay
Networks", to appear in IEEE Trans. on Veh. Tech.

“Channel Estimation and Performance of Mismatched Decoding in Wireless Relay Networks”, submitted to
IEEE Trans. on Wireless Comm.

“Resource Allocation in Wireless Multiuser Multi-relay Networks", in preparation.

“Distributed Beamforming in Relay-Assisted Multiuser Communications”, in Proc. IEEE ICC’ 09, Jun.
2009.

“A Novel Power Allocation Scheme for Distributed Space-Time Coding”, in Proc. IEEE ICC’ 09, Jun.
2009.

“Channel Estimation and Performance of Mismatched Decoding in Wireless Relay Networks”, in Proc.
IEEE ICC’ 09, Jun. 2009.

“Power Allocation and Distributed Beamforming Optimization in Relay-Assisted Multiuser
Communications”, in Proc. IWCMC’ 09, Jun. 2009.

“Distributed Unitary Space-Time Modulation in Partially Coherent and Noncoherent Relay Networks”, in
Proc. IPSPCS’ 08, Dec. 2008.

“Distributed Beamforming in Multiuser Multi-relay Networks with Guaranteed QoS", submitted to
Globecom’ 09.

“SNR Maximization and Distributed Beamforming in Multiuser Multi-relay Networks", submmited to
Globecom’ 09.
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