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Single-hop massive MIMO

@ Consider a single-hop multiple-access system with two users
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Single-hop massive MIMO

@ Consider a single-hop multiple-access system with two users
@ Received signal y = gi1x1 + g2x2 +n

@ Using maximal ratio combiner wi’ = %g1, we have

H H H H
n = Wiy =Wy g1x1 +wypgexe +wpn
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Single-hop massive MIMO

@ Consider a single-hop multiple-access system with two users
@ Received signal y = gi1x1 + g2x2 +n

@ Using maximal ratio combiner wi’ = %g1, we have

H H H H
n = Wiy =Wy g1x1 +wypgexe +wpn

H H H
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N X1 + N X2 + N
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desired signal  interference noise
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Single-hop massive MIMO

@ Consider a single-hop multiple-access system with two users
@ Received signal y = gi1x1 + g2x2 +n

@ Using maximal ratio combiner wi’ = %g1, we have

H H H H
n = Wiy =Wy g1x1 +wypgexe +wpn
H H H
_ g:181 g1 82 gin
= X1 + Xo + ——
N N N
~——— ——
desired signal  interference noise
a.s.
n — x
N—oo
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Single-hop massive MIMO

@ Consider a single-hop multiple-access system with two users
@ Received signal y = gi1x1 + g2x2 +n

@ Using maximal ratio combiner wi’ = %g1, we have

H H H H
n = Wiy =Wy g1x1 +wypgexe +wpn

H H H
g1 81 g1 82 gin

N X1 + N X2 + N
~——— ——

desired signal  interference noise

a.s.
n o — x1
N— oo

@ Both interference and noise asymptotically vanish
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Half-duplex: One-way relay (MAC phase)
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Half-duplex: One-way relay (BC phase)
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Half-duplex: Two-way relay (MAC phase)
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Half-duplex: Two-way relay (BC phase)
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Half-duplex: mathematical model for MAC phase
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@ Received signal at the relay, yg = Ziil VPk8BkXk + 2R
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Half-duplex: mathematical model for MAC phase
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@ Received signal at the relay, yg = Ziil VPk8BkXk + 2R
@ Relay amplifies the received signal as
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Half-duplex: mathematical model for MAC phase
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@ Received signal at the relay, yp = >\ "1 /Pk8kXk + Zr
@ Relay amplifies the received signal as oK
xg = aWyg=aW E v/ Pr&rxk + aWzg
k=1
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Half-duplex: mathematical model for MAC phase
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@ Received signal at the relay, ygr = Ziil VPk8KkXk + Zr
@ Relay amplifies the received signal as

2K
xg = aWyg=aW Z v/ Pr&rxk + aWzg
k=1

@ Relay MRC/MRT precoder is designed as W = F*G"
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Half-duplex: Mathematical model

1
— == BCphase

@ Received signal at k'th user is

Y = f,Z;XR + zy
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Half-duplex: Mathematical model
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@ Received signal at k th user is
2K
_ T _ 6T T
Y = fk' xR+ z = osz/W v/ Pk8kXk + Oéfk/ Wzr + z,
k=1
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Half-duplex: Mathematical model
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Half-duplex: Mathematical model
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@ Received signal at k'th user is

2K
T T T
Yo = fk' XR+ 2z, = Osz/W E v/ Pk8kXk + Oéfk/ Wzr + zy
k=1
_ T T
= of /Wy/prgkxk + af W /pcg, x;/
desired signal self-interference
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Half-duplex: Mathematical model
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@ Received signal at k'th user is

2K
Yo = f,Z:XR + z = O[fIZ:W Z v/ Pk8kXk + afZ:WZR + Z,
k=1 2K
_ T T T
= Osz, W./prgrxx + Oéfk/W\ [Pk X + afk,W Z\/E’gixi
desired signal self-interference iZk,K

inter-pair interference
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Half-duplex: Mathematical model
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@ Received signal at k'th user is

2K
T T T
Yo = fk' XR+ 2z, = Osz/W E v/ Pk8kXk + Oéfk/ Wzr + zy
k=1 2K
_ T T T T
= of /\Wy/prgixk +af, W./pcg, x, +of /W E Vpigixi +  of \Wzg  + z
i#k k'
desired signal self-interference ’ amplified relay noise  AWGN at user

inter-pair interference
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Full-duplex: Two-way relay

Transmit Receive

9 Relay receive signal

yr(n) = > v/Prgixk(n) + zr(n)

k=1

@ Signal received by kth user
yi(n) = £ xg(n) + zi(n)
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Full-duplex: Two-way relay with loop interference at relay

N o
N | g
Transmit i Receive g e

yr(n) = Z VPi8ixi(n) + Grrxr(n) + zr(n)

k=1

9 Relay receive signal

@ Signal received by kth user
yi(n) = £ xg(n) + zi(n)
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Full-duplex: Two-way relay with loop and inter-user interference
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2K
yr(n) = Z VPi8ixi(n) + Grrxr(n) + zr(n)

k=1

9 Relay receive signal

@ Signal received by kth user

yi(n) = £ xg(n) + Z Qp.i/pixi(n) + zk(n)

i, ke Uy
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Full-duplex: Two-way relay with self-interference suppression

@ At instant n, the relay transmit signal is xg(n) = aWyg(n — 1)
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Full-duplex: Two-way relay with self-interference suppression

@ At instant n, the relay transmit signal is xg(n) = aWyg(n — 1)

@ By iteratively substituting the value of yg, without any loop-interference cancellation, we have

xg(n) = flx(n=1)+x(n—2)+---+zr(n—1)+zr(n —2) + -]
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Full-duplex: Two-way relay with self-interference suppression

@ At instant n, the relay transmit signal is xg(n) = aWyg(n — 1)

@ By iteratively substituting the value of yg, without any loop-interference cancellation, we have

xg(n) = flx(n=1)+x(n—2)+---+zr(n—1)+zr(n —2) + -]

@ With loop interference suppression, xg(n) is modelled as a Gaussian noise source xg(n)

2K
yR(n) = Z \/ﬂgkxk(n) + GRR)_(R(H) + ZR(n), and
k=1
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Full-duplex: Two-way relay with self-interference suppression

@ At instant n, the relay transmit signal is xg(n) = aWyg(n — 1)

@ By iteratively substituting the value of yg, without any loop-interference cancellation, we have

xg(n) = flx(n=1)+x(n—2)+---+zr(n—1)+zr(n —2) + -]

@ With loop interference suppression, xg(n) is modelled as a Gaussian noise source xg(n)

yr(n) = D vPegrx(n) + GreXr(n) + zr(n), and xg(n) = Wyg(n — 1)
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Full-duplex: Two-way relay with self-interference suppression

@ At instant n, the relay transmit signal is xg(n) = aWyg(n — 1)

@ By iteratively substituting the value of yg, without any loop-interference cancellation, we have

xg(n) = flx(n=1)+x(n—2)+---+zr(n—1)+zr(n —2) + -]

@ With loop interference suppression, xg(n) is modelled as a Gaussian noise source xg(n)

yr(n) = D vPegrx(n) + GreXr(n) + zr(n), and xg(n) = Wyg(n — 1)
k=1
we(n) = FIWyr(n—1)+ > Qui/pixi(n) + z(n)
i,ke Uy
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Full-duplex two-way relay: signal detection
@ Receive signal after self-interference cancellation at the user S as

k= offWyBrgyxy
N—— —

desired signal
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Full-duplex two-way relay: signal detection

@ Receive signal after self-interference cancellation at the user S as

2K

Yk = afkTW,/pk/gk/xk/—l—oszTW E VPigixi
_/_/ . ’
i#k,k

desired signal

inter-pair interference
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Full-duplex two-way relay: signal detection

@ Receive signal after self-interference cancellation at the user S as

2K
o = of{ Wyprgexs +aff W E VPigixi + E Qp i/ Pixi
—_————— . , .
ik, k i ke Uk

desired signal

inter-pair interference self loop interference
and inter-user interference
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Full-duplex two-way relay: signal detection

@ Receive signal after self-interference cancellation at the user S as

2K

Yk = afkTW,/pk/gk/xk/ —I—oszTW E Vpigixi + E Qu.i/pixi  + afkTWGRR)”(R
. !’ H
itk k i,ke Uk —

desired signal amplified loop interference

inter-pair interference self loop interference
and inter-user interference
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Full-duplex two-way relay: signal detection

@ Receive signal after self-interference cancellation at the user S as

2K
W = off] W /prgyxy +affW § /pigixi + E: Quivpixi +  of WGRrrXr
— . ’ . D Y —
i#k,k i,ke Uk

desired signal amplified loop interference

inter-pair interference self loop interference

T and inter-user interference
+ of, Wzg + oz
—— ~—~
amplified noise from relay ~ AWGN at Sy
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Full-duplex two-way relay: signal detection

@ Receive signal after self-interference cancellation at the user S as

2K
W = off] W /prgyxy +affW § /pigixi + E: Quivpixi +  of WGRrrXr
— . ’ . D Y —
i#k,k i,ke Uk

desired signal amplified loop interference

inter-pair interference self loop interference

T and inter-user interference
+ of, Wzg + oz
—— ~—~
amplified noise from relay ~ AWGN at Sy

@ We only exploit the knowledge of the E [fkTng/] in the detection

W = o/pe E [fkTng’} Xy + fik , where
~—
desired signal effective noise
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Full-duplex two-way relay: spectral efficiency lower bound

@ Lower bound on the SE is

2K

Riower = Z logy (1 4+ SNR) , where
k=1
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Full-duplex two-way relay: spectral efficiency lower bound

@ Lower bound on the SE is

2K
Rower = D 10g (1+ SNRy), where
k=1
2
SNR — Oc2pk/ |E [f,;ngk/} _ akpy
E {17k [?]
z b+ bIPR X PR b | pit (o + P Pret ¥ PR
i=1 i,ke Uy
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Energy efficiency metrics and insights (1)

o Energy efficiency of k — k' pair is defined as

pkpx + Pr/2K + Pc
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Energy efficiency metrics and insights (1)

o Energy efficiency of k — k' pair is defined as

pkpx + Pr/2K + Pc

@ P. is the circuit power used in transmitter and receiver components
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Energy efficiency metrics and insights (1)

o Energy efficiency of k — k' pair is defined as

pkpx + Pr/2K + Pc

@ P. is the circuit power used in transmitter and receiver components

@ py > 1is the inverse of the power amplifier efficiency of transmit user k
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Energy efficiency metrics and insights (1)

o Energy efficiency of k — k' pair is defined as

pkpx + Pr/2K + Pc

@ P. is the circuit power used in transmitter and receiver components
@ py > 1is the inverse of the power amplifier efficiency of transmit user k
o Energy efficiency is a link-centric (or user-centric) performance metric
@ Global energy efficiency metric combines the individual EEs of different links
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Energy efficiency metrics and insights (2)

@ GEE is defined as
2K

k=1

2K
Zpk+PR+Pc
k=1
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Energy efficiency metrics and insights (2)

@ GEE is defined as
2K

k=1

2K
Zpk+PR+Pc
k=1

@ Network-centric GEE metric is not suited when different users have different EE priorities
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Energy efficiency metrics and insights (2)

@ GEE is defined as
2K

k=1

2K
Zpk+PR+Pc
k=1

@ Network-centric GEE metric is not suited when different users have different EE priorities

@ User-centric weighted sum energy efficiency (WSEE) metric is defined as

i log, (1 + SNR, (px, Pr))
Wy

Pr + PR/2K+ P.

k=1
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Global energy efficiency when SE (numerator) is optimized

2K
> logy (1 + SNRy(pk, Pr))

k=1
GEE = K
> pk+ Pr+ P
k=1
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Figure: When SE (numerator of GEE) is optimized
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Global energy efficiency optimization

SPCOM 2018 (Rohit Budhiraja, ITK)

2K
kZ:l log, (1 + SNRk(pk, PR))
GEE = =

2K
Epk+PR+Pc
k=1

x 107

GEE (bits/Joule)

-10 0 10 20 30 40
n (in dB)

Figure: When GEE is optimized
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GEE Maximization

@ GEE maximization problem is formulated as

2K
> log, (1 + SNRy(pk, Pr))
P1 :Maximize =2

2K

Pk,Pr
> pk+ Pr+ Pc
k=1

s.t.



GEE Maximization

@ GEE maximization problem is formulated as

2K
> log, (1 + SNRy(pk, Pr))
P1 :Maximize =2

PP 2K
o > pk+ Pr+ P
k=1
st 0<Pr<PE™0<p < P VkeK

2K
ZPk + Pr < P
k=1
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GEE Maximization

@ GEE maximization problem is formulated as

2K
> log, (1 + SNRy(pk, Pr))
P1 :Maximize =2

PP 2K
o > pk+ Pr+ P
k=1
st 0<Pr<PE™0<p < P VkeK

2K
ZPk + Pr < P
k=1

@ Constraints in P1 are convex but numerator of objective is non-concave
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GEE Maximization

@ GEE maximization problem is formulated as

2K
> log, (1 + SNRy(pk, Pr))
P1 :Maximize =2

PP 2K
o > pk+ Pr+ P
k=1
s.t. 0< Pr< PR 0< p < P"™ Vkek
2K
ZPk + Pr < P
k=1

@ Constraints in P1 are convex but numerator of objective is non-concave

@ Approximate it as concave — problem becomes concave-convex fractional program
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Solution of concave-convex fractional program

Proposition

Consider a concave-convex fractional program (CCFP) g(x) = u(x)/v(x), with u being non-negative,
differentiable and concave,
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Solution of concave-convex fractional program

Proposition

Consider a concave-convex fractional program (CCFP) g(x) = u(x)/v(x), with u being non-negative,
differentiable and concave, while v being positive, differentiable and convex.
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Solution of concave-convex fractional program

Proposition

Consider a concave-convex fractional program (CCFP) g(x) = u(x)/v(x), with u being non-negative,
differentiable and concave, while v being positive, differentiable and convex. Then the function g(x) is

pseudo-concave and a stationary point x* of g(x) is its global maximizer
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Solution of concave-convex fractional program

Proposition

Consider a concave-convex fractional program (CCFP) g(x) = u(x)/v(x), with u being non-negative,
differentiable and concave, while v being positive, differentiable and convex. Then the function g(x) is
pseudo-concave and a stationary point x* of g(x) is its global maximizer

— Problem of maximizing g(x) is equivalent to finding the positive zero of D(X), which is defined as

D()\) & anx{u(x) —Av(x)}
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Solution of concave-convex fractional program

Proposition

Consider a concave-convex fractional program (CCFP) g(x) = u(x)/v(x), with u being non-negative,
differentiable and concave, while v being positive, differentiable and convex. Then the function g(x) is

pseudo-concave and a stationary point x* of g(x) is its global maximizer
— Problem of maximizing g(x) is equivalent to finding the positive zero of D(X), which is defined as

D()\) & anx{u(x) —Av(x)}

— Positive zero of D()) is found using Dinkelbach’s algorithm
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WSEE maximization

@ WSEE maximization problem is formulated as

2K

P2 : Maximi EE
axFl’mlze Zwk K =

s.t.

2K

>

log,(1 + SNR(px))

Pk + Pck



WSEE maximization

@ WSEE maximization problem is formulated as

2K 2K

log,(1 + SNR(px))
P2: MaX|m|ze wiEE
; KRR Z W Pk + Pck
s.t. 0<px < Pmax, Vk ek
2K
> b+ Pr < PP, Vke K
k=1

RkZR)k, Vk e K
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WSEE maximization

@ WSEE maximization problem is formulated as

2K 2K
.. log,(1 + SNR(pk))
P2: Ma e EE

XFI’mIZ Z Wik k = Z Wik o n Pc_rk

s.t. 0<px < Pmax, Vk ek
2K
> b+ Pr < PP, Vke K
k=1

RkZR)k, Vk e K

@ Numerator of WSEE for each k, can be approximated as a pseudo-concave (PC) function
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WSEE maximization

@ WSEE maximization problem is formulated as

2K 2K
P2 : Maximize > wEE, =) w log,(1 + SNR(px))
k=1

P - et Pk + Pe.k
s.t. 0<pxk <P™ Vkek
2K
> b+ Pr < PP, Vke K
k=1

RkZR)k, Vk e K

@ Numerator of WSEE for each k, can be approximated as a pseudo-concave (PC) function
o WSEE therefore becomes a sum of PC functions — not guaranteed to be a PC function
@ Dinkelbachs algorithm thus cannot be used to optimize it
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WSEE maximization

@ WSEE maximization problem is formulated as

2K 2K
P2 : Maximize > wEE, =) w log,(1 + SNR(px))
k=1

P - et Pk + Pe.k
s.t. 0<pxk <P™ Vkek
2K
> b+ Pr < PP, Vke K
k=1

RkZR)k, Vk e K

@ Numerator of WSEE for each k, can be approximated as a pseudo-concave (PC) function
o WSEE therefore becomes a sum of PC functions — not guaranteed to be a PC function
@ Dinkelbachs algorithm thus cannot be used to optimize it

@ WSEE maximization problem for full duplex relays is an open problem
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WSEE optimization for half-duplex relays

@ Epigraph form of the problem P2 is as follows

2K
P3 : Maximi
a)é[?lze; Wi 8k
| 1+ SNR
s.t. ng Og2( + k(p))’ VkEK
Pk + Pc,k
0<px < P™ Vkek
2K

ZPk‘FPRSP;naX

k=1 _
Ri > Re, YVke K
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WSEE optimization for half-duplex relays

@ Epigraph form of the problem P2 is as follows

2K
P3 : Maximi
a)é[?lze; Wi 8k
| 1+ SNR
s.t. ng Og2( + k(p))’ VkEK
Pk + Pc,k
0<px < P™ Vkek
2K

Zpk+PR < P
k=1 _
Ri > Re, YVke K

NBEB,. P

where SNR,(p)=

2K
Z/ (5,‘5,{/ 5’<+5"2ﬁ," )Pi+‘7§r5k/ 5;(
ik
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WSEE optimization for half-duplex relays

@ Epigraph form of the problem P2 is as follows

2K
P3 : Maximi
a)é[?lze; Wi 8k
| 1+ SNR
s.t. ng Og2( + k(p))’ VkEIC
Pk + Pc,k
0<px < P™ Vkek
2K

Zpk+PR < P
k=1 _
Ri > Re, YVke K

NBEB,. P

where SNR,(p)=

2K
Z/ (5/5,{/ ﬂk+ﬁ"25," )Pi+‘7§r5k/ Bk
ik

@ Constraint in (3b) is non-convex; linearly approximate it using Taylor series
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Global energy efficiency results
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Figure: GEE versus 1 = P /o>
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Effect of weights on weighted sum energy efficiency (1)
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Figure: EE of each user versus N, with different weights: A; : {wy = 0.15, w» = 0.30, w3 = 0.40, ws = 0.15}
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Effect of weights on weighted sum energy efficiency (2)
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Figure: EE of each user versus N, with different weights: Az : {wy = 0.40, w> = 0.15, w3 = 0.15, ws = 0.30}
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