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Energy Efficiency Maximization Under
Delay-Outage Probability Constraints

Using Fluid Antenna Systems
Yicong Xu, Yu Chen, Yanzhao Hou, Kai-Kit Wong, and Xiaofeng Tao

Abstract—Fluid antenna system (FAS) is a new wireless tech-
nology that enables reconfigurable antenna position to enhance
communication performance. In wireless networks, spectral effi-
ciency, delay and energy efficiency are some of the most impor-
tant performance indicators. To jointly optimize these indicators
for FAS-assisted point-to-point communication systems, we adopt
the energy efficiency (EE) metric which is defined as the delivered
data rate divided by the total power consumption. The optimal
power allocation strategy is obtained to maximize the EE subject
to a delay-outage probability constraint. We then study the effects
of delay bounds and the number of FAS’s ports on the maximum
EE. Simulation results are presented to show the effectiveness of
the proposed delay-aware FAS-assisted system.

Index Terms—Cross-layer, Delay, Energy efficiency, Fluid an-
tenna, Outage, Two-mode transceiver circuitry.

I. INTRODUCTION

FLUID antenna system (FAS) is a new antenna technology;
it utilizes a flexible location-reconfigurable antenna to aid

communication [1]–[3]. By integrating FAS into the physical
layer of wireless communication systems, significant diversity
and multiplexing gains are shown to be possible using a single
radio-frequency (RF) chain FAS receiver without the need of
complex precoding optimization and/or decoding architecture.
Increasing interest in FAS is evident by the recent work, e.g.,
[4]–[10] which investigated various benefits.

As FAS is still in its infancy, researchers should gear up to
understand how FAS can be utilized to impact future wireless
communication networks. In 5G and beyond systems, spectral
efficiency (SE), energy efficiency (EE) and delay are three key
performance indicators (KPIs) [11]. Understanding the trade-
off between the KPIs in FAS would be desirable. To do so,
it would be useful to review the evolution of the performance
metric that has been used for wireless system designs.

Back in 1997, Zorzi and Rao [12] proposed a new EE metric
which was defined as the amount of data delivered through a
link divided by the consumed energy. It was usually assumed
that the link had a buffer and the data rate was constant at the
buffer. Moreover, the delay-outage probability (DOP) was the
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only delay requirement for applications. Based on the effective
capacity (EC) model [13], the constant value of data rate and
a required DOP together determine the EC of a time-varying
channel. The constant data rate assumption usually implies the
equivalence between EE and the effective EE (EEE), which is
defined as the EC divided by the total power consumption,
first proposed by Musavian and Le-Ngocin in [14], [15].

EEE is a unified metric that can be applied to any buffer-
aided wireless network with general arrivals and capacities. It
has played a critical role in the EE optimization under delay
constraints for various wireless systems such as simultane-
ous wireless information and power transfer (SWIPT) [16],
Internet-of-Things (IoT) [17], non-orthogonal multiple access
(NOMA) [18] and heterogeneous cloud radio access networks
(C-RAN) [19], to name a few. Motivated by this, in this paper,
we aim to consider the same for FAS-based systems.

Instead of maximizing the EEE, our objective is to maxi-
mize Zorzi and Rao’s EE1 subject to the DOP constraint in a
point-to-point FAS-based communication system. Particularly,
we derive the EC in the FAS-based communication system.
Based on the EC model, the DOP is characterized by two EC
functions, namely, the quality-of-service (QoS) exponent and
the nonempty buffer probability (NBP). Although no expres-
sion for the NBP has been widely accepted today, there exists a
simple yet accurate approximation formula for the NBP, which
was derived by Chen and Darwazeh for exponential arrival
processes in 2015 [20]. This formula was adopted to optimize
the DOP-constrained EE in different systems [21]–[23] and
will be used in our work as well. The above EE optimization
problem under the DOP constraint is a concave maximization
problem, and the optimal power allocation can be determined
by using a Lagrangian optimization approach.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. 1(a) shows a simplified FAS-based point-to-point com-
munication system model from an upper-layer data source to
a data sink; the FAS is installed at the receiver. Moreover,
the communication system inside the bracket of Fig. 1(a) is
termed an FAS-based communication system while the details
of such a system at slot n are shown in Fig. 1(b).

A. FAS
We assume that a FAS is installed at the receiver end. In

particular, FAS means that a flexible fluid antenna is employed

1In this work, data sizes are assumed to be exponentially distributed, i.e.,
non-constant. Therefore, the EE of [12] and the EEE are not equivalent.
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Fig. 1. A delay-constrained communication system using FAS at the receiver end: (a) System model and (b) the scheduling architecture.

for communication. The fluid antenna permits the receiver to
choose one of N evenly distributed positions/ports over a given
space of Wλ where W denotes the normalized size of the fluid
antenna and λ is the wavelength. Based on the correlation
model in [24], the received signal at the kth port (for k =
1, 2, . . . , N ) and slot n can be written as

rk[n] = hks[n] + ηk[n], n = {1, 2, . . . }, (1)

where s[n] and rk[n] denote the transmitted and the received
signals, respectively, and ηk[n] is a complex Gaussian random
variable with zero mean and variance of σ2

η . For the rest of
this paper, the time index n is omitted only if no ambiguity
is raised. In (1), hk is the channel gain, modelled as

hk = σ
[
(
√

1− µ2xk + µx0)

+ j(
√

1− µ2yk + µy0)
]
, k = {1, 2, . . . , N}, (2)

in which x0, y0, xk, yk in (2) are independent and identically
distributed (i.i.d.) Gaussian random variables with zero mean
and variance of 0.5, µ denotes the spatial correlation parameter
which can be chosen by [24]

µ =
√

2

√
1F2

(
1

2
; 1,

3

2
;−π2W 2

)
− J1(2πW )

2πW
, (3)

where aFb(·; ·; ·) is the generalized hypergeometric function
and J1(·) is the first-order Bessel function of the first kind.

The average received signal-to-noise ratio (SNR) at each
port is given by

Γ = σ2E
[
|s|2
]

σ2
η

, (4)

where E[·] is an expectation operator. In order to obtain the
best performance at a given slot, the FAS selects the port with
the highest channel power gain, i.e.,

g∗ = max{|h1|2, |h2|2, . . . , |hN |2}. (5)

B. Upper Layer Queueing Model

The communication system can be described as a discrete-
time queueing model as shown in Fig. 1(b). A fluid model is
assumed, i.e., the length of a packet is infinitesimal. Let us
denote the system bandwidth by B, the transmit power by Pt,
and the noise spectral density by N0. This system is discrete-
time and has the slot duration Ts. Provided the path loss is

Lp and the noise variance σ2
η is N0B [25], the average SNR

in (4) is given by

Γ = σ2E
[
|s|2
]

σ2
η

= σ2 Pt

N0B

L−1
p−−−→
σ2

1

Lp

Pt

N0B
=

Pt

Lpση
. (6)

Upper-layer data from the data source are first pushed into
a first-in-first-out (FIFO) buffer at the transmitter; and then
transmitted to the receiver over a block-fading channel (i.e.,
the channel gains {hk}∀k remain constant during a time slot).
Under this model, we write
A[n] for the amount of data in bits from the data source at slot

n. The random variables A[1], A[2], . . . are assumed to
be i.i.d. exponential distributed, each with the probability
density function (PDF)

fA(a) =

{
λ exp (−λa) if a ≥ 0,

0 if a < 0.
(7)

The average data rate is R = (Tsλ)−1 (bits per second);
S[n] for the amount of data in bits that the transmitter is

capable of transmitting at slot n. The random variables
S[1], S[2], . . . are i.i.d. from some fixed distribution;

Q[n] for the backlog size in bits at slot n.
We also assume that the instantaneous channel gain g∗ is

perfectly known at the transmitter side. The FAS-based system
capacity C at slot n could be approximated by

C ≈ B log2

(
1 +

g∗Pt

N0B

)
= B log2

(
1 +

g∗Pt

σ2
η

)
(8)

if the capacity-achieving coding is adopted. Thus, the capacity
C and the service S have a simple relation S = CTs.

C. EE and Problem Formulation

Consider that the total transmission power can be expressed
as Ptot = Pc + Pt, where Pc is the constant circuit power
and Pt is the transmit power consumed by power amplifier.
Based on the definition in [12], the EE of an N -port FAS-
based system is given by

ηN (Pt) =
R

Pc + Pt
. (9)

As shown in Fig. 1(a), upper-layer data experience delays
in a queueing buffer. We first define a maximum delay bound
Dmax and a tolerance ε, and specify a target DOP constraint
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{Dmax, ε} in order to support a given QoS for a hypothetical
application. The system has to satisfy

Prob (D(∞) > Dmax) ≤ ε, (10)

where D(∞) is the steady-state delay. Given that the transmit-
ter decides the allocation of the transmit power Pt on the basis
of the constraint {Dmax, ε} and the remaining parameters are
fixed, EE can be maximized via

P1 :

{
max
Pt≥0

ηN (Pt)

s.t. Prob(D(∞) > Dmax) ≤ ε.
(11)

III. PROPOSED SOLUTION

Based on a specified DOP constraint {Dmax, ε}, the DOP
Prob(D(∞) > Dmax) depends on the transmit power Pt and
can be reexpressed as

SN (Pt;Dmax) = Prob(D(∞) > Dmax). (12)

Therefore, P1 is equivalent to the following problem:

P2 :

{
max
Pt≥0

ηN (Pt)

s.t. SN (Pt;Dmax) ≤ ε.
(13)

An analytical expression of SN (Pt) can be obtained by the
use of the effective bandwidth and the EC models. Because A
has the PDF (7), the effective bandwidth of the arrival process,
denoted as α(b)(u), can be found as [26]

α(b)(u) =
1

Tsu
log

(
λ

λ− u

)
, (14)

where u is the QoS exponent (the first EC function). To have
the EC of the service process, the following lemma is required.

Lemma 1: The PDF of the channel power gain g∗ in an
N -port FAS-based system is given by

fg∗(x) =


1

σ2
exp

(
− x

σ2

)
if N = 1,

N

σ2

∫ ∞
0

FX(x|r)n−1fX(x|r)e−
r
σ2 dr if N > 1,

(15)
where

FX(x|r) = 1−Q1

(√
µ2r

σ2(1− µ2
),
√
x

)
, (16)

and

fX(x|r) =
1

2
e−

x+
µ2r

σ2(1−µ2)
2 J0

(√
µ2g0x

σ2(1− µ2)

)
(17)

in which Q1(a, b) is the first-order Marcum Q-function, J0(·)
is the zero-order Bessel function of the first kind, and g0 =
x20 + y20 which comes from the channels in (2).

Proof: See Appendix A.
Based on the PDF of fg∗(x), the EC, α(c)(u;Pt), is given

by [26]

α(c)(u;Pt)

=
−1

Tsu
log

∫ ∞
0

e
−uTsB log2

(
1+

xPt
σ2η

)
fg∗(x)dx

=
−1

Tsu
log

∫ ∞
0

(
1 +

xPt
σ2
η

)−uTsB
log(2)

fg∗(x)dx.

(18)

If the assumptions of the Gartner-Ellis theorem hold and if
there is a unique QoS exponent u∗ > 0 that satisfies

α(b)(u∗) = α(c)(u∗;Pt), (19)

then the DOP can be accurately approximated by [26]

SN (Pt;Dmax) ≈
(
1− λ−1u∗

)Dmax+1
, Dmax ∈ N0, (20)

where N0 is the set of all natural numbers including zero.
Based on (20), we have the following lemma.

Lemma 2: Provided that the DOP constraint {Dmax, ε}, the
average packet length 1/λ at a slot are known, the target QoS
exponent u† is expressed as

u† = λ
(

1− ε
1

Dmax+1

)
. (21)

Proof: The above expression (21) is an inverse of the
function (20) with respect to Dmax and ε.

Now we have the optimal power control strategy.
Proposition 1: The optimal power P ∗t is unique and satis-

fies the following equation:

λ

∫ ∞
0

(
1 +

xPt

σ2
η

)−u†TsB
log(2)

fg∗(x;Pt)dx− 1

 = u†. (22)

Proof: Problem P2 with respect to Pt is a strictly convex
optimization problem. This is because 1) ηN (Pt) of (9) is a
strictly convex function; 2) the feasible set of Pt defined by
(13) is a convex set as SN (Pt) is a strictly decreasing function
of Pt. Therefore, it has a unique optimal solution. Moreover,
for the Karush-Kuhn-Tucker (KKT) condition, allocating

SN (Pt;Dmax) = ε (23)

is an optimal solution to P2. By substituting u∗ in (19) with
u† into (21), we then have

α(b)(u†) = α(c)(u†;P ∗t )⇔
1

Tsu†
log

(
λ

λ− u†

)

=
−1

Tsu†
log

∫ ∞
0

(
1 +

xPt

σ2
η

)−u†TsB
log(2)

fg∗(x)dx

⇔ λ

∫ ∞
0

(
1 +

xPt

σ2
η

)−u†TsB
log(2)

fg∗(x)dx− 1

 = u†,

(24)

where “⇔” is an equivalence sign.
Finally, P ∗t is a root of f(Pt) = α(b)(u†) − α(c)(u†;Pt),

which can be solved by any root-finding numerical methods,
e.g., binary search method.

IV. RESULTS AND DISCUSSION

In this section, we report the simulation results of the N -
port FAS-based system. In the simulations, the path loss Lp
is based on the 3GPP model for a carrier frequency between
1400MHz and 2600MHz [27]:

Lp = 128.1 + 37.6log10 (d) + 21 log10

(
fc
2

)
, (25)
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Fig. 2. Simulation and approximation results of Prob(D > Dmax).
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where d represents the distance between the transmitter and
the receiver in Km and fc is the carrier frequency in GHz.
In particular, we have fixed the distance d = 0.2Km, fc =
2GHz, and the bandwidth is set to 10MHz and the constant
circuit power is Pc = 0.1W. Also, the noise spectral density
is N0 = −174dBm/Hz and the slot duration is 1ms.

First, consider a FAS-based system with W = 1 which gives
Wλ = 15cm. Given that the transmit power is 20dBm and the
average data rate R is 60Mbps, we show the simulation and
analytical results of the DOP with respect to different values
of the maximum delay bound Dmax in Fig. 2 when N = 1, 5
and 50. The x-axes are delay bounds (the unit is millisecond)
and the y-axes are violation probabilities in log scale. Under
any number of ports, the simulation result is obtained based on
one-million samples of backlog size (1000 seconds ≈ 0.277
hours). The unique QoS exponent u∗ is numerically obtained
based on the algorithm in [26] and the analytical result is
calculated by (20). As shown in Fig. 2, the simulation and
analytical results almost overlap with each other in all three
scenarios. This shows that (20) can accurately approximate the
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Fig. 4. Optimal EE using different number of ports of FAS and W under a
DOP constraint {Dmax = 5ms, ε = 0.02}.

DOP of the FAS system with exponential arrival processes. On
the other hand, the performance of DOP can be significantly
improved by increasing the number of ports.

Fig. 3 illustrates the numerical results on the maximum EE
obtained from Proposition 1 for different DOP constraints, i.e.,
Dmax = {0, 1, 2, . . . , 15}ms where ε = 0.02. We observe
that the EE increases when extending the Dmax and relaxing
the delay outage probability. When Dmax goes to infinity, the
optimal transmit power converges to a value that satisfies R =
E[C], which is the condition for a stable system. Again, the EE
in FAS-based communication systems is significantly higher
compared to conventional systems with a single fixed antenna.
In the case of Dmax = 1 or 10ms (required in the 6G and 5G
networks [28], respectively), the EE in the 50-port FAS-based
system is 16.5× or 2.5× higher than the fixed antenna system.

Finally, the results in Fig. 4 are provided for the optimal
EE under a target delay-outage constraint {Dmax = 5ms, ε =
0.02} for different number of ports, N , and size of the fluid
antenna, W . As we can observe, EE increases as N increases,
but the growth slows down when N is large. Finally, it can
be observed that increasing the length of fluid antenna does
improve the EE but the improvements are moderate.

V. CONCLUSION

In this paper, we considered the maximization of EE under
a DOP constraint for FAS-aided communication system where
trade-offs between rate, power consumption and delay could be
formulated. This was done through an accurate approximation
of the DOP for a FAS-based system, and then solving the EE
maximization using a convex optimization approach. Simula-
tion results confirmed the accuracy of the DOP approximation
and illustrated significant gains in the EE using FAS.
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APPENDIX A
PROOF OF LEMMA 1

Let a normalized random variable X be

X =
gk

σ(1− µ2)
=

|hk|2

σ(1− µ2)

=

(
xk +

µ

σ
√

1− µ2
x0

)2

+

(
yk +

µ

σ
√

1− µ2
y0

)2

.

(26)
Given that g0 = x20 + y20 is known, Xk is a noncentral chi-
square random variable with its conditional PDF being

fX(x|g0) =
1

2
e−

x+
µ2g0

σ2(1−µ2)
2 J0

(√
µ2g0x

σ2(1− µ2)

)
(27)

where J0(·) denotes the zero-order modified Bessel function
of the first kind, and the conditional CDF being

FX(x|g0) = 1−Q1

(√
µ2g0

1− µ2
,
√
x

)
, (28)

where Q1(a, b) is the first-order Marcum Q-function. Also,
the normalized random variables at the ports given g0 are
i.i.d. random variables. Let X∗ = max{X1, X2, . . . , XN}.
The conditional PDF of X∗ given g0 is then given by

fX∗(x|g0) = NFX(x|g0)n−1fX(x|g0). (29)

Obviously, the PDF of g0 is given by

fg0(x) =
1

σ2
e−

x
σ2 . (30)

Therefore, the unconditional PDF of X∗ is found as

fX∗(x) =

∫ ∞
0

fX∗(x|r)fg0(r)dr

=

∫ ∞
0

NFX(x|r)n−1fX(x|r) 1

σ2
e−

r
σ2 dr

=
N

σ2

∫ ∞
0

FX(x|r)n−1fX(x|r)e−
r
σ2 dr.

(31)
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