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Research areas

« Research areas
— Wireless communications, network communications

— Signal processing, applied optimization

* Recent topics
— MIMO precoding and capacity
— Cognitive radio and cognitive networks

— Cooperative communications

» Current directions
— Future cellular systems (4G, 5G)

— Ad hoc network communications
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Context

« 2G/3G cellular systems
— Resource partitioning — connections are single-user links

— Spectral efficiency per link approaches the theoretical limit

« Future high data rate demands

* 4G solutions
Multi-Cell
— Small (femto) cells

— Multi-cell processing HetNet
— D2D communication
« 5Gideas
— More small cells (HetNets)
— mmWave
— Massive MIMO

~ — Smarter devices
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Multi-cell Processing / Cooperation

« The BSs are connected via Backhaul networks.

« CoMP:
— BSs share channel state information (CSl)
— Perform beamforming and power control
— Downlink cooperation among BSs

 What about uplink
cooperation among UES?
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Hybrid D2D-infrastructure cooperation

* Uplink communications
— Two close UEs (mobiles) can “hear” each other
— They can communicate directly (D2D)
or
— Exchange their information and perform uplink beamforming (hybrid)

Down-link MB1—>MB3

Down-link
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Hybrid D2D-infrastructure cooperation

* Uplink communications
— Two close UEs (mobiles) can “hear” each other
— They can communicate directly (D2D)
or
— Exchange their information and perform uplink beamforming (hybrid)

Down-link MB1—>MB3

Can be applied in
small cells /
HetNets as well

Down-link
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Comparison among 3 transmission modes

« Half-duplex transmissions
« Consider transmissions on the same frequency band

Resource partitioning Concurrent trans. Cooperative trans.
(LTE and LTE-A) with SIC (TD and D2D)
| |
? 7
U/ g N#
» Each UE transmits on » Both UEs transmit at » Two UEs cooperate
a different time slot the same time to transmit to the BS.

* BS performs SIC « 3 phase transmission
* Virtual beamforming
« Advance processing
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3 transmission modes over a frame

Resource partitioning (LTE and LTE-A) Concurrent trans. with SIC
BS BS BS
UE.1 UE2 UE1 UEQ UE1 UE2
Phase 1 Phase 2 Whole time

Cooperative transmission (TD and D2D)

b | O | 78

BS BS BS

——0 | §e— —0 | § 0
UE; UE. UE; UE, UE, UE;

Phase 1 Phase 2 Phase 3

Mai Vu



Outline for the rest of the talk

User-assisted cooperative transmission
— Transmit signal design

— Decoding techniques

— Achievable rate region

Deployment in cellular networks

Reliability/Outage performance

Mai Vu
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Channel Model

Yl YZ Y3
hyg Mo hyg Ny
B2 —§ @ e R X2
UE; e UE: UE; UE, UEq UE;
Phase 1 Phase 2 Phase 3

Yio = h12 X0+ 24 Yo1 = ho1 Xy + 25 Ys = hio X711
Yi = hioXi0 + Zs Y5 = hooXog + Z39 + hooXog + Zas

Rayleigh block fading Complex Gaussian noise
hij = gije"" Z ~CN(0,1)
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Transmit signal design

Phase 1

YS
hm%@ hao
BS
Xll

@ @ X5

UE; UE;
Phase 3

Transmit signals

Xy = \/[TOUIO(wl())

Xao = /p20Us0(w0)

Xi1 = pu Vi (wir) + /p1S(wig, wy)

Xog = \/p22Vaz(wa2) + /p2S(w1g, wa)

Power constraints

a1pio + az(pir + p1) < Pr, aspog + as(pas + p2) < Py

Mai Vu
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Decoding and Rate region

Y, Y, Y
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At UEZZ 3/12 — W At BS: (3/1, YQ,}/:}) — (wlﬂi}Q)

Ry <ayC (gfgplo) =Ji

At UEZZ Ygl — Wy

Ry < aiC (g3,p20) = s

(g70011) = s, Ry < o€ (g30p22) = us
( Ry < Jp + Js, Ry < Jo+ Jy
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Achievable Rate Region

u10=4, u20=’|, mu 16

12~ Moq~

= Proposed TD Coop. Trans.

2
—@— Concurrent trans. with SIC | Hij = E[gij]
== RP with Orthogonal Trans. (LTE)
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Whole time

A. Abu Al Haija and M. Vu, "A Half-Duplex Cooperative Scheme with Partial Decode-Forward

Relaying" IEEE Int'l Symp. on Information Theory, July 2011.
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Talk Outline

» User-assisted cooperative transmission

* Deployment in cellular networks
— Deployment policy
— Out-of-cell interference
— Throughput performance gain

» Reliability/Outage performance

Mai Vu
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Deployment in Cellular Networks

» Deployment of user-assisted relaying
— An idle user helps relay data of an active user

« Study network-wide impact of user-assisted relaying
— On throughput, outage, coverage

o .
—_——
-
-
-—

Cell under study

—— > Desired Link
- -----> Interference Link
—_— —> Relaying Link
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Stochastic Geometry Model

5000

4 Mo s UE|
* BS
&
3000 [+, o # .
& . ™
.
® *\ -4
& * a1 #
10004 \ * # e #
— 4 . *
£ # b # # *
- & ‘e & M &
1000 * 4 * ~
& &
»
* &
&
& @& [ ]
3000 # .\ Ne 4
. : L ] & L ] & L ]
# L . ¢ )/
500 | & | - 1
-8000 -3000 0 3000 8000

 Factors to consider:

— When should a user cooperate?

— What is the effect on network interference and overall performance?

» Performance evaluation:

— Analysis using stochastic geometry tools

— Verify analysis with simulation
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System Model

Idle UE

Active UE

—> Desired Links
ldleUE ..., > Interfering Links

« Consider a multi-cell system
— Each cell has a single base station
— Reuse factor 1 in the whole network

— An active user can relay through the closest idle user

Mai Vu

19



Channel Model & Relaying Scheme

T: Transmission Time a,a; €[0,1),a +a, =1

D mil 2 S
(I1T Us,i s V?,li

« User-assisted relaying:
 Two phase transmission scheme
« Flat fading over the two phase period
« Active user (source S): uses superposition coding
« Relay user (relay R): transmit coherently with the source in 2" phase

 Base station (destination D): utilizes received signals in both phases
to decode the message

Mai Vu 20



Network Geometric Model

* We use stochastic geometry to model the network
» Active UEs as a PPP with density A,
» Idle UEs as a PPP with density A,

2000
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+ Idle UE
M - i
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Cooperation Policies

 Ideal policy (E,):
« Perfect knowledge of source channel state information
» Perfect knowledge of the interference

E ~ gsr"'?_a > Qsd'f'_a . Ad;if ot 'd'e'“E é Idle UE
1 { = I ,
« Pure geometric policy (E,): ,

«  Only knows the distances a '

BS i

» Practical for fast fading channels @ oy o

e "J‘““m_‘ Idle UE ---------3 Interfering Linlg_s.-f""'

E;, ={ri>73,D<m1}

« Hybrid fading and geometric policy (Ej;):
« Knows both small and large scale fading but not the interference
» Applicable for slow fading channels

Ey3 = {gsd'r'1_mE < gs'r'rz_aa D < 7'1}.
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Cooperation Probability

Mai Vu

Cooperation Probability
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Interference Model

We need to characterize the interference at - - - > Interference
— Relay user during 18t phase
— Base station during 15t phase

— Base station during 2"? phase

Stochastic geometry and PPP
— Can provide analytic expression for moments

Consider a Gamma distribution model * Phase 2 a,T P

— Fails to provide the exact distribution

— Fit the first two moments of interference distribution

— Approximately fit empirical data

Mai Vu 24



Fit of Gamma Distribution

Mai Vu

I I I I I I
------ e I Data :

== Data Fitted into I’
I" distribution = Analysis

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Power (W), (Destination) <10

Probability Density Function

I I
| I Data .
m=mm= Data Fitted into I
I" distribution = Analysis[

Probability Density Function

N . -L- - . i ---------- h - s .
0 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5
Power (W), (Relay) X 10—5
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Interference Model: Effect of Gamma Distribution

Mai Vu
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Throughput vs. Distance to Relay
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Data rate gain vs. active user location
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Average data rate gain vs. idle to active ratio
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H. EIKotby and M. Vu, “Interference and Throughput Analysis of Uplink User-Assisted Relaying in Cellular
Networks,” IEEE 25th Int'l Symp. on Personal, Indoor and Mobile Radio Commun. (PIMRC), Sep 2014.
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Talk Outline

» User-assisted cooperative transmission

* Deployment in cellular networks

» Reliability/Outage performance
— QOutage at the UEs and BS
— Common outage

— Individual outage

Mai Vu
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Outage Probabilities

Full CSl at Rx and limited at Tx.
910 @ 920
Consider both individual and common ; Bsg b
outage probabilities GE. 912 UE,
— Common outage: either one or both UEs information

IS in outage.

— Individual outage: one UE information is in outage regardless of the
other UE information.

The outage probabilities in Rayleigh fading channels

Mai Vu 31



Outage Probability: LTE and Concurrent Trans.

LTE & LTE-A
é BS
0 O | 0
UE, UE; UE; UE;
Phase 1 Phase 2

Rates: Rl S Al, RQ S AQ,

Individual Outage Individual Outage
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3 e ' g | ¢
A e I A ——
|
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> R, | » R
4
Common &, :Vl/ Wa
Outage 2251 o O, w)X
A, .
(Wl’WZ) A Wlx
D
Mai Vu v WZR
> 1

Concurrent trans. with SIC

T

LJE1 UE2
Whole time

Rates: Rl < Blj R2 < ng
R+ Ry < B3
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|
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Cooperative Transmission Outages

Outage at UE2

;

No Outage at UE2 but at outage UE1

g

BS Wi
Ce P. paﬁ
Wi @_—-—'"'1-—-""’@ é @ Wao
UE; UE; UE1 Wig
Phase 1 Phase 2

No Outage at both UEs but outage at the BS

Coop. and/or

Wao s Wigy Wao )

private part
BS vTﬂlo BS (
Wi ~
@—"/L"H @ @ (W11’ W101W20) @
UE, UE, UE, UE:
Phase 1 Phase 2 Phase 3
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Outage Analysis for Cooperative Transmission

920 920
910 @ @ 91 @

BS wel| = BS BS (71 5 )
W @ @ 20 J21 @ ~ oz o
10§_—1—" — — (W11’W101W20)

UE, 912 UE, UE, UE, UE; UE;
Phase 1 Phase 2 Phase 3

« QOutage can occur at UEs in addition to the BS
— But cooperative links are stronger than direct links
— Hence outage at UEs is small (insignificant)
— Cooperation reduces outage probability

» Superposition coding
— Outage for cooperative and private parts
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Outage at the BS (if no outage at UEs)

Rio < Jy— Ry, Ryo < J5s — Ry, Rig+ Rag < Js — R,. Cooperative rates const.
where R, = R + R
Ris < Ji, Rog < Jo, Ris+ Roy < J3, Private rates const.

Cooperative parts outage: Outage of any cooperative part leads to an outage at
both private parts because of superposition encoding

R, 4
(Waos Wiy, Wap) X \_9
Wy B (W10, Wags Wi, Wyy) X

Js
G

A, (W10, Wig, Wpp) X

» R Wag ™

Jy

Common and individual Outages for private parts (no outage for the coop. parts)
Individual Outage (UE1) Individual Outage (UE2) Common Outage
R

Jo+Js
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Summary of the Outage Analyses

*Resource Part. LTE & LTE-A

*Concurrent Trans. with SIC

*Coop. Trans. using D2D

* No message splitting

* No message splitting

* Coop. & private message splitting
(outage for each part)
* Additional outage at UEs

* Conventional coding

* Conventional coding

* Superposition Coding

* Qutage at the BS only

* Qutage at the BS only

* Qutage at the UEs & the BS

* Rates at BS:

Rl S Al} RZ S AQ:

RE F )

Aa —

* Rates at BS:

Rl S Bla RZ S B?:

Ry + Ry < B3
RE F 3
B
B,
C
By-B | —
A
! > R,
Bi-B, B

* OQutage at UE1 or UE2 leads to a
common outage

* No outage at UEs but at BS

* Coop. Rates
Rig < Jy, Ryg < J5, Rig+ Rop < Js,

* Private Rates
Ris < Jy, Rogs < Jy, Ria + Ros < J3,

F

Rg 'y R_g
B, Coop.

Js asdl
G




Outage Probability of User-assisted Relaying
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A. Abu Al Haija and M. Vu, “Outage Analysis for Half-Duplex Partial Decode-Forward Relaying over
Fading Channel,” IEEE Globecom, Dec 2014.
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Outage Probabilities of Both Users Cooperating

R1=R2=2 bps/Hz
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Outage Rate Regions at 1% Outage Probability
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A.A.Al Haija and M. Vu, “Spectral Efficiency and Outage Performance for Hybrid D2D-Infrastructure
Uplink Cooperation,” under review IEEE Trans. on Wireless Comm.
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Conclusion

» User-assisted cooperative relaying for uplink communication
— Ultilizes hybrid D2D-infrastructure cooperation
— Has advanced signal design and decoding
— Employs partial decode-forward relaying and joint decoding at BS

» Cooperation improves both the data rate and reliability
— Compared to current LTE implementation

* Network deployment shows significant performance gain
— Average rate gain up to 50%, max gain up to 200%
— Suitable for crowded metropolitan areas and small cells
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