Spectral Efficiency and Fairness Maximization
in Full-Duplex Cellular Networks

José Mairton B. da Silva Jr.

April 28th, 2017

Department of Network and Systems Engineering
School of Electrical Engineering
KTH Royal Institute of Technology
Stockholm, Sweden

http://wuw.kth.se/profile/jmbdsj
jmbdsj@kth.se



Need for higher rates in 5G

Global mobile traffic (ExaBytes per month)

How to meet this demand?
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Half-duplex versus Full-duplex
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Why half-duplex so far? [Goldsmith05]

“It is generally not possible for radios to receive and transmit on
the same frequency band due to the interference that results.”

@ Recent advances on self-interference (SI)
[Bharadia,SIGCOMM13]| — full-duplex is possible
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The role of full-duplex in 5G

Enhanced mobile
broadband

Possible FD
use cases

assive machine-type

Ultra-reliable low latency communications

communications

[Ericsson17]

o Full-duplex suitable for short distance + small cells
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Outline

1. Overview of FD cellular networks & main contributions

2. Spectral efficiency maximization

3. Fairness maximization

4. Concluding remarks
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Outline

1. Overview of FD cellular networks & main contributions
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FD characteristics in cellular networks

Freq. Channel 1 —»
Freq. Channel 2
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Self-Interf. (SI)
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Benefits

@ Spectral efficiency: ~ 2x

S

@ Medium access layer: hidden terminal, collision avoidance,
reduced end-to-end delay...
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FD characteristics in cellular networks

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - --»
Self-Interf. (SI)

@ \®
= @

o UE-to-UE interference

o Mitigate both interferences — user-frequency channel
assignment and power allocation

S

Challenges
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Research gap in FD cellular networks

Need of distributed schemes
@ Processing burden at the BS is high [Osseiran, COMMAG14]
@ Dense deployment of user

@ New Sl cancellation mechanisms
o Radio resource management

Lack of fair and efficient cross-layer procedures
@ How to mitigate UE-to-UE interference and assess fairness?

e Pairing — uplink to downlink users (flat fading)

@ Assignment — uplink/downlink users to frequency
channel (frequency selective fading)

@ Power allocation — mitigate interference

o Fairness — (weighted sum + min) spectral efficiency
maximization
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General problem formulation

. Freq. Channel 1 —»

Freq. Channel 2 HP. (7 d
UE-to-UE Interf. -- - m)?’ﬁq[‘f}:ge fo (X’ PP )
Self-Interf. (SI)
@ \@ subject to  £,,(X, p%, p?) < by, Ym € M,
Y. hn(X) < Cn, Vn € N,

X € {0,1}5.

Optimization Variables

o Assignment matrix — X € {0,1}5,5 =1 x J

1, if uplink UE; is paired with downlink UE;,
Ty =
J 0, otherwise.

o Transmitting powers — p*, p?
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General problem formulation

. Freq. Channel 1 —»

Freq. Channel 2 Ho. U d
UE-to-UE Interf. == > m)g);)lrplge hX,p", p)
Self-Interf. (SI)
\ subject to  f,,(X, p*, pd) < b, Vme M,
@v @ h,(X) <cp, VneN,

..~,’u\’ X c {O, 1}5
Optimization Variables

@ Assignment matrix frequency selective fading — X € {0, 1}S,
S=IxJxF

1, if uplink UE; is paired with downlink UE; on freq. f,
T =
i 0, otherwise.

@ Transmitting powers — p“,pd
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General problem formulation

N Freq. Channel 1 —»

Freq. Channel 2 Ho. U d
A\ maximize X
UE-to-UE Interf. - X pu nd h(X,p"p)
Self-Interf. (SI)

\ subject to  f,,(X, p¥, pd) < b, Vme M,
@v @ h,(X) <cp, VneN,
X €{0,1}5.

Objective function fy(X, p*, p?)
@ Sum spectral efficiency — sum rate over a given bandwidth
o Fairness — worst users should also benefit

@ Spectral efficiency + fairness — improve the system + the
worst users
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General problem formulation

SI Freq. Channel 1 —>

Freq. Channel 2 H U d
! UE-to-UE Interf. -~ >~ m}g);)lln rlge hX.p",p%)
Self-Interf. (SI) o p
@ \ subject to  £,,(X,p*, p?) < b, Ym € M,
‘\~ \

h,(X) <cp, VnenN,
OO

X € {0,1}%.
Constraint function f,,(X, p*, p?)

o Minimum quality of service requirements — f,,,(X, p*, p%) —
Non-convex

o Maximum transmitting power — f,,,(p“, p?) — Convex
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General problem formulation

SI Freq. Channel | —

Freq. Channel 2 HP. U d
UE-to-UE Interf. - - > m)a)qu plge Jo (X’ PP )
Self-Interf. (SI)
\ subject to  £,,(X, p%, p?) < by, Ym € M,
@‘\ @ h,(X) <cp, Vn e N,

..~,’u\’ X c {07 1}S
Constraint function h,,(X)

@ Binary constraints — orthogonality of UL/DL users and
frequency channels

@ Linear constraints
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General problem formulation

. Freq. Channel | —

Freq. Channel 2 H. U d
UE-to-UE Interf. ---» m)?;lwplge fo (X’ PP )
Self-Interf. (SI)
@ \@ subject to  f,,(X, p¥, pd) < b, Vme M,
¥ h,(X) < cp, Vn e N,

X € {0’ 1}5'
=

How difficult is this problem?

@ Mixed integer nonlinear programming (MINLP) problem —
difficult to solve

@ Some cases of X — NP-hard — no polynomial-time solution
known
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Thesis contributions (1/3)

Spectral efficiency maximization

[C1] José Mairton B. da Silva Jr., Y. Xu, G. Fodor, C. Fischione, “Distributed
Spectral Efficiency Maximization in Full-Duplex Cellular Networks", in
Proc. IEEE International Conference on Communications (1CC'16), May
2016.

[J1] José Mairton B. da Silva Jr., G. Fodor, C. Fischione, “Fast-Lipschitz
Power Control and User-Frequency Assignment in Full-Duplex Cellular
Networks,” submitted to IEEE Transactions on Wireless Communications,
February 2017.

Fairness maximization

[J2] José Mairton B. da Silva Jr., G. Fodor, C. Fischione, “Spectral Efficient
and Fair User Pairing for Full-Duplex Communication in Cellular
Networks”, IEEE Transactions on Wireless Communications, Vol. 15, No.
11, pp. 7578-7593, Nov. 2016.

[C2] José Mairton B. da Silva Jr., G. Fodor, C. Fischione, “On the Spectral
Efficiency and Fairness in Full-Duplex Cellular Networks”, in Proc. IEEE
International Conference on Communications (ICC'17), May 2017,
accepted.
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Thesis contributions (2/3) firs
[C1] [41] [J2] [C2]
User Pairing v v v v
Freq. Assignment - v v -
Power Alloc./Control v/ v v v
Distributed v v - -
Objective Sum SE Sum SE Minimum SE  Sum SE + Minimum SE

Spectral efficiency maximization
@ Distributed mechanisms for FD cellular networks

@ Auction algorithm [C1] — resource pairing
o Power control [J1] — SINR and power settings

@ Sl or UE-to-UE interference — different roles for power
allocation and assignment

o Spectral efficiency gains over HD
@ Realistic system simulations — Yes, + energy savings!
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Thesis contributions (3/3) {rry
[C1] [J1] [J2] [C2]
User Pairing v v v v
Freq. Assignment - v v -
Power Alloc./Control v/ v v v
Distributed v v - -
Objective Sum SE Sum SE  Minimum SE  Sum SE + Minimum SE

Fairness maximization
@ Role of assignment and power allocation in fairness

@ Assignment and power allocation — used jointly and
should not be split

@ Weights to increase fairness [C2] — not necessary if
multi-objective optimization

o Fairness gains over simple FD solutions [J2,C2]
@ Realistic system simulations — Yes, + user connectivity!
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Outline

2. Spectral efficiency maximization
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System Model (1/3)

St

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - -»>
Self-Interf. (SI)

\@
)

@)
©

[C1] 1] [J2] [C2]
User Pairing v v v v
Freq. Assignment - v v -
Power Alloc./Control v/ v v v
Distributed v v - -
Objective Sum SE Sum SE  Minimum SE  Sum SE + Minimum SE
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System Model (2/3)

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - -»>
Self-Interf. (SI)

<
N
S
.
.
.
N
N

Single-cell cellular system — only BS is FD-capable

# UL users — I; # DL users — J; # Frequency channels — F
Path gain with flat fading— G, Gy, Gy

S| cancellation coefficient — [ fixed

Assignment matrix with flat fading— X € {0,1}/%/

1, if the UL UE; is paired with the DL UE;,
Tij =
! 0, otherwise.
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System Model (2/3)

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - -»>
Self-Interf. (SI)

<
N
S
.
.
.
N
N

Single-cell cellular system — only BS is FD-capable

# UL users — I; # DL users — J; # Frequency channels — F'
Path gain for frequency selective fading — Gy, Gijr, Gyr

S| cancellation coefficient — [ fixed

Assignment matrix freq. selective fading — X € {0, 1}/*/*F

1, if the UL UE; is paired with the DL UE; on freq. f,
Tijf =
il 0, otherwise.
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System Model (3/3)

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - ->
Self-Interf. (ST)

o Power vectors — p%=[P¢...P¥, pd=[Pe...PY
@ Signal-to-interference noise ratio (SINR)
02 + Zj:l JJ,‘ijd,B J 0'2 + Z{:l Iijpiu G,’j

v

@ Achievable spectral efficiency
Gt =logy(1+77),  Cf =logy(1+7).
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System Model (3/3)

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - ->
Self-Interf. (ST)

o Power vectors — p%=[P¢...P¥, pd=[Pe...PY
@ Signal-to-interference noise ratio (SINR)
PGy

0'2 + 23-]:1 IijP]dB
@ Achievable spectral efficiency
F F
Ci' = Zle loga (1 + 73); de = Zle logy(1 + VJ?lf)'
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Problem formulation

@ Joint assignment and spectral efficiency maximization (JASEM)

maximize Z C! + Z C’d (Objective)
X,p“.p?
subject to P} < P,'T‘,ax, Vi, (Maximum Tx. power UL)
de < Pe_ . Vi, (Maximum Tx. power DL)
J F
Z injf <1, Vi, (User orthogonality UL)
j=1f=1
I F
SN myr <1, V4, (User orthogonality DL)
i=1f=1
I J
Z Zzijf <1, Vf, (User orthogonality freq.)
i=1j=1
zyr € {0,1}, Vi, 7, f. (Binary association)

Mairton Barros (jmbdsj@kth.se) | Licentiate Seminar |  Spectral efficiency maximization 13/30



Solution approach for JASEM

Joint Problem NP-Hard

(JASEM)

A
| \

Power Control User-Frequency ~ NP-Hard
Analysis Assignment
Fast-Lipschitz SINR Greedy > G-FLIP
setting Approximation
+ OR b rup
Distributed power Modified Hungarlan
setting Algorithm

@ Power control analysis — fixed X and variables p*, p?
@ Power allocation problem — vector transformation +
hypograph equivalent form
o User-frequency assignment — fixed p*, p¢ and variable X
o NP-Hard — greedy approximation
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Power control analysis (1/2)

Power allocation problem Power + spectral efficiency problem

I J K
maximize Z CH+ Z de «s Mmaximize Z 172
p*.p = =i p.t k=1
subject to  # < aglog(l + v&(p)), V&,

P, < P®) vk

max? °

subject to p“,p? e P.

Lemma on &
The diagonal matrix T = [exp(#;/a) — 1]x of adaptive SINR
targets is feasible if and only if

p(TF) < 1.

@ Lemma on t;, — target inequality for pair (k,[) sharing
resource

b 4 t 4 Gy G,
AT R I ) < o 2R TN )
P ( * ) P <ak> P (m) - 6( B Gy, 1)

ag aj
Spectral efficiency maximization

Mairton Barros (jmbdsj@kth.se) | Licentiate Seminar | 15/30



Power control analysis (2/2)

Spectral efficiency target Fast-Lipschitz form [Fischione, TAC11]
maﬁ|7rrl1|ze te + 1 maéci’rt?ize tr, + 1
subject to  (target inequality), s subject to  f, <t — Yh(tg, 1),
ti, 1, > 0. x = [ty tj] € X,

Lemma on

If 2201 < 220k4), and the parameter 7 is constrained as

Ohlleot) ) o ( 221D en problem above is Fast-Lipschitz.
(zf’hgw) <(f’h<t l>)  then problem ab Fast-Lipschit
k 173

Distributed spectral efficiency target + power setting
o f; — Fast-Lipschitz optimization
o t; — use t; with golden search optimization
o Use t;, t; to find Py, P; that minimizes P + P,
@ .".— Close-to-optimal spectral efficiency + min. sum power
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User-frequency assignment solutions

@ Axial 3D Assignment problem — NP-Hard
- I J F u d . .
maximize Zi:l Zj:l Zf:1 ( i+ C]f) Ty (Objective)

J F

subject to ijl Zle Ty =1, Vi, (User orthogonality UL)
I F

Zi:l Zle T =1, Vj, (User orthogonality DL)

I J
Zi:l ijl Ty = 1, Vf, (User orthogonality freq)

zp € 10,1}, Vi, 4, f, (Binary association)

Solution approach
@ Start with best pair and continue until all users are paired
o Greedy approximation — performance guarantee of 1/3

o Modified Hungarian algorithm — transforms 3D into 2D +
Hungarian algorithm
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Optimality of G-FLIP

1 T Jkc =TV
100t a | —*—G-FLIP-1+J=8
; ¥ |~ H-FLIP-I+J=8
081 .~ |-* GFLIP-1+I=10) ]
Gap of £ £ ¥ |-v H-FLIP-I+J=10
9% [ « '
= : .
7 0.6f * v ]
= 4 [, ] l/
T 104 r a v
2 O ' M
— L U 4
© 04 ¥
X J
" v
02t [ N ) i
108 o ~
) .1 ‘ ‘ ‘
0 2 4 6 8 02 0 10 20 30 40 50

Iteration (n)

Relative Optimality Gap [%]

o Convergence with accuracy 1076 in 12 iterations
@ G-FLIP — close to optimality

@ H-FLIP — large optimality gap for high number of users
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0.8

0.6

CDF

041

021

gain of 55%

Freq.

Assignment FD gain

of 16%

—— G-FLIP(SL:-110)
—o—-G-EPA(SL:-110)
——R-EPA(SL:-110) ||
~<+R-FLIP(SL:-110)
——HD

0
200

Mairton Barros (jmbdsj@kth.se) |

300 IOO 500 600 700
Sum Spectral Efficiency [bps/Hz]

CDF

Energy saving
of 48%

—#—G-FLIP(S:-110)
—o—G-EPA(SL:-110)
——R-EPA(SL:-110)

~<—R-FLIP(SL:-110)
——HD

7

8

9 10 11 12

Total Power Consumption [W]

@ Most of the gains (G-FLIP & G-EPA) — greedy assignment
e Power control (FLIP) + poor assignment (R) — still no gains

@ Expected — large gains in energy efficiency
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Results for Sl-limited regime - 25 UL/DL UEs

CDF

—— G-FLIP(SL:-70)
0.8 —— G-EPA(SL:-70)
——R-EPA(SI:-70)
—< R-FLIP(SL:-70)
0.6 [ —4-HD X Energy saving
’ E of 42%
|®]
041 —k— G-FLIP(SI:-70)
—o—G-EPA(SIL:-70)
——R-EPA(SI:-70)
021 ~<~R-FLIP(SI:-70)
-A—HD
0 0 : ‘ "7 i; ‘; 1‘() l‘l 1‘2 13
0 100 200 300 400 500 600 .
Sum Spectral Efficiency [bps/Hz] Total Power Consumption [W]

@ Most of the gains (G-FLIP & R-FLIP) — power control (FLIP)
@ Power control 4 greedy assignment — still no gains over HD
@ Expected — large gains in energy efficiency
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Outline

3. Fairness maximization
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System Model

St

Freq. Channel 1 —»
Freq. Channel 2

UE-to-UE Interf. - - -»>
Self-Interf. (SI)

\@
)

@)
©

[C1] 1] [J2] [C2]
User Pairing v v v v
Freq. Assignment - v v -
Power Alloc./Control v/ v v v
Distributed v v - -
Objective Sum SE Sum SE  Minimum SE  Sum SE + Minimum SE
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Problem formulation

e Joint assignment and fairness maximization (JAFM)

maximize  min{C}", C/'} (Objective)
Xu,Xd,pu,pd Vi,
F
subject to Z Vit = Yen, Vi, (Minimum SINR constraint UL)
f=1
F
Z 'y]fjc >, Vi, (Minimum SINR constraint DL)
f=1
P < Pp., Vi, (Maximum Tx. power UL)
Pf < PL., Vi, (Maximum Tx. power DL)
I
Z zip < 1, Vf, (User-frequency orthogonality UL)
i=1
F
Z zip < 1, Vi, (Frequency orthogonality in UL)
F=1
J
Z x]fjc <1, vf, (User-frequency orthogonality DL)
j=1
F d .
Zf zip < 1, Vj, (Frequency orthogonality in DL)
=1
zif, z;]ic € {0,1}, Vi, j, f. (Binary association)
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Admissible area

Pl Piux ’ Py P ’ Piin Pl ’
d d d d d d
Yinig > Vews Vidaf = Ven Yinap > Veho Vinar < Vh Yinar <Vehs Vjnap = Vih

Lemma on admissible 3

Pair (4,4) on frequency f is an admissible if the Sl is § < 377
G (Phax Gipr =ik o) i yd Sy
Vi Ve (Phax Gigg o) 7 M

max _
uf d 2_d
it Pinax Gbif Gibf =~ Yen(Gijf Yo + Giby)

u~d pd .
Veh Yeh Pmax Cijf

Jif Vb vk

Mairton Barros (jmbdsj@kth.se) | Licentiate Seminar |  Fairness maximization 23/30



Solution approach for JAFM (1/2)

Joint Problem Dual Problem NP-Hard
(P-JAFM) (D-JAFM)

—

Power Allocation User-Frequency ~ NP-Hard
Analysis Assignment

Admissible Area Admissible Area
+ +
Corner Point Greedy Approx.

@ Lagrangian duality — power allocation + user-frequency
assignment

@ Power allocation analysis — optimal allocation in corner point
of admissible area

@ User-frequency assignment — greedy approximation for users
in the admissible area
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Solution approach for JAFM (2/2)
max)i(mize Z;l ij:l Zjil (min{ C4, Cﬁc}) zii  (Objective)

subject to Z]‘le Z:Zl Ty =1, Vi, (User orthogonality UL)
I F ) .

Zi:l Zle T = 1, Vj, (User orthogonality DL)
I J _

Zi:l ijl Ty = 1, Vf, (User orthogonality freq)

zyr € {0,1}, Vi, 4, f, (Binary association)

@ Start with best admissible pair and continue until all users are
paired

@ Performance guarantee of 1/3

o Power allocation + greedy approximation — JAFMA

JAFMA

@ Duality gap | as number of frequency channel 1
o JAFMA — approximate solution to JAFM
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Optimality gap for JAFMA - 3 = —100dB

—O—JAFMA-F=4
—O— D-JAFM-F=4
=¢ ‘JAFMA-F=5

-0 ‘D-JAFM-F=5
=< JAFMA-F=6

-0+ D-JAFM-F=6
-¢ ' JAFMA-F=7

-0 ‘D-JAFM-F=7
-¢ ‘JAFMA-F=8 |
-0 ‘D-JAFM-F=8

40 60 80 100
Relative Optimality Gap [%]

o JAFMA — optimality gap decreases with increasing F'
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Analysis for different users’ loads - § = —70dB

09F 0.9
0.8 0.8
0.7 0.7
o6f ] 06k
59 59
gosy v gos
1
1 —>—R-EPA-19UE 04t —>—R-EPA-19UE ||
[ —#—R-FMA-19UE —%—R-FMA-19UE
—/— AF-EPA-19UE 03 - }A:l;]g:—ll 99IIJJEE |
RS :?;-R EPA-25UE
—5 R-EPA-25UE 02t % -EPA-; |
—% -R-FMA-25UE ﬁ;-‘FJ]\EAIiXZ;SUl}EE
-V - AF-EPA-25UE -V - AF-EPA-
-0 -JAFMA-25UE |/ 0.1 -& -JAFMA-25UE |
A'd =
. . 0 A A .
70 80 90 100 0.2 03 04 0.5 0.6 0.7
Ratio of Connected Users [%] Modified Jain's Fairness Index

o JAFMA — highest user connectivity + fairness

o Greedy assignment (AF) + equal power allocation — still no
gains

e Optimal power allocation (FMA) + poor assignment — still
no gains
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25 UL/DL UEs

Analysis for different 3 -
! - 1
’
L R-EPA-=-70 ‘. 1
0.9 D REPA=] /P *! ¢ 09+
1
7
o3 ﬁl P 038
L 11 [
07 ; *V 1 07
. , [N -
. 0.6 - JARMA-3=-100 8 D ' 06k
305 ! L 3
o P A [
' -
' 0.4 ——R-EPA-(3=-70
0 N ' 5; fs * | S REMALT0
' % I 03 ;] ) XAF—EPA—G::WJ
02 P o > * R _
K [ 02F N ,
0.1 . 7 ! * AF-EPA-9-100
% / P 0.1 F; - JAFMA-3=-100
T T
50 60 70 80 90 100 0 - > A v
Ratio of Connected Users [%] 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Modified Jain's Fairness Index

e $=-100 dB
o JAFMA — gains in user connectivity + fairness

e Split JAFMA — still good performance
e 5 =-70dB

o JAFMA — large gains in user connectivity + fairness

e Split JAFMA — poor performance

Fairness maximization
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Some takeaways

Sum spectral efficiency maximization
@ Gains over HD with distributed solutions

@ Auction theory + optimal power allocation — weighted
sum spectral efficiency

o Fast-Lipschitz optimization + greedy approximation —
spectral and energy efficiency

o Different roles of assignment and power control —
interference- or Sl-limited regime

Fairness maximization
@ Gains for minimum achieved spectral efficiency 4+ connectivity

@ Joint solutions + UE-to-UE interference consideration —
higher fairness

@ Multi-objective optimization — PL weights not necessary
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Thanks for your attention!
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