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Abstract—Fluid antenna multiple access (FAMA) is capable
of exploiting the high spatial diversity of wireless channels to
mitigate multi-user interference via flexible port switching, which
achieves a better performance than traditional multi-input-multi-
output (MIMO) systems. Moreover, integrated data and energy
transfer (IDET) is able to provide both the wireless data transfer
(WDT) and wireless energy transfer (WET) services towards
low-power devices. In this paper, a FAMA assisted IDET system
is studied, where N access points (APs) provide dedicated
IDET services towards N user equipments (UEs). Each UE
is equipped with a single fluid antenna. The performance of
WDT and WET , i.e., the WDT outage probability, the WET
outage probability, the reliable throughput and the average
energy harvesting amount, are analysed theoretically by using
time switching (TS) between WDT and WET. Numerical results
validate our theoretical analysis, which reveals that the number
of UEs and TS ratio should be optimized to achieve a trade-
off between the WDT and WET performance. Moreover, FAMA
assisted IDET achieves a better performance in terms of both
WDT and WET than traditional MIMO with the same antenna
size.

Index Terms—Fluid Antenna Multiple Access (FAMA), Inte-
grated Data and Energy Transfer (IDET), Time Switching (TS),
Performance Analysis

I. INTRODUCTION

In the era of 6G, massive low-power devices are swarming
into the networks for providing various services to smart
cities, posing challenges to network spectrum efficiency and
energy efficiency [1], [2]. Traditional multi-input-multi-output
(MIMO) techniques can achieve spatial multiplexing and
spatial diversity via pre-coding at the transceiver, which
improves the communication performance of the crowded
network. However, multi-antennas are required at the receiver
to achieve the considerable network gain, which is impractical
for the low-power devices having limited hardware size.
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Fluid antenna is considered as a new promising technol-
ogy to tackle with this hard problem, where any software-
controllable fluidic and conductive radiative structure is able
to change its position to reconfigure the radiation pattern.
These potential switching positions are defined as ports. It
is demonstrated that a single small size of fluid antenna
can outperform maximum ratio combining (MRC) assisted
MIMO system when the number of ports is large enough [3].
Recently, fluid antenna multiple access (FAMA) has emerged
as an innovative technique to meet the requirements of the
future crowded network, where the receiver is capable of
selecting the optimal ports to mitigate the interference and
enhance the strength of its own receive signals. Wong et al.
studied the system where the fluid antenna at each user is
switched to an optimal port on a symbol-by-symbol basis,
namely fast-FAMA (f-FAMA) [4]. By contrast, recently,
Wong et al. proposed a new FAMA system, namely slow-
FAMA (s-FAMA), where each user switches its fluid antenna
port only if the envelopes of the wireless channel changes [5].
It was demonstrated that by conceiving sufficient resolution
and size of the fluid antenna, FAMA could support a massive
number of users by using only a single fluid antenna. In
paper [6], the authors proposed a simple approach to estimate
the instantaneous sum-interference plus noise signals for port
selection at every symbol instance to unleash the performance
of f-FAMA. Yang et al. derived new closed-form expressions
for the outage probability with noise consideration in s-
FAMA [7]. Futhermore, Wong et al. quantified the benefits
of the synergy between opportunistic scheduling and FAMA
by analyzing the multiplexing gain of the network [8].

Nowadays, the energy consumption of low-power devices
poses a significant challenge. Several papers have proposed
diverse methods to enhance performance while minimizing
energy consumption [9], [10]. The energy supplement is a
straightforwrd approach to address the issue of insufficient
energy. Nevertheless, energy supplement of all the massive
low-power devices is impossible in the future crowded net-
work, since artificially charging or replacing batteries requires
undeserved human costs.

Wireless energy transfer (WET) is considered as a promis-



ing solution to realize convenient and wide-area power supply
for the low-power devices. Since they have both data and
energy requirements, wireless data transfer (WDT) and WET
should be coordinated at the transceiver, which yields the
concept of integrated data and energy transfer (IDET) [11].
Zong et al. investigated the transceiver design problem for
IDET in K-user MIMO interference channels [12]. Hu et
al. provided the first detailed survey on the key techniques
of IDET communication networks [13]. However, the receive
signals suffer from the serious power attenuation in the trans-
mission path, which degrade the IDET efficiency, especially
for WET whose activating power threshold is much higher
than that of WDT. FAMA is able to tune in to the window
of opportunity in which the interference naturally disappears
in a deep fade and enhance the receive signal strength by
flexibly adjusting the port selection, which improves the IDET
performace in the multi-user scenario.

In this paper, we propose a FAMA assisted multi-user
IDET system. Time switching (TS) approach is applied for
separating WET and WDT, where each transmission block is
divided into two time slots, one for WDT and the other for
WET. During each time slot, the fluid antenna of each UE
independently switches to an optimal port for either WDT or
WET. Then, our novel contributions are then summarized as
follows:

e We propose a FAMA assisted multi-user IDET system,
where TS approach is conceived for separating WDT and
WET to improve the system performance.

e The IDET performance, i.e., the WDT outage probability,
the WET outage probability, the reliable throughput and
the average energy harvesting amount, are all analyzed
theoretically into the approximated closed-forms.

e The theoretical analysis is validated by the Monte Carlo
based simulation, while the IDET performance of the
FAMA assisted IDET system is also evaluated.

II. SYSTEM MODEL

We study a downlink FAMA assisted IDET system consists
of N fixed access points (APs) and N user equipments (UEs).
Each UE is equipped with a K -port linear fluid antenna having
the size of W'\, where W denotes the normalized size of the
fluid antenna and A denotes the wavelength. It is assumed that
each AP is dedicated to communicate with its corresponding
UE, i.e., AP; communicates with u;, and each UE applies TS
approach to coordinate WDT and WET, as shown in Fig. 1.
The time duration of WDT and WET of w; is denoted as «; 1T
and (1 — ;)T respectively, where «; denotes the TS ratio and
T is the duration of the whole period. UEs may also receive
the interference signals from other APs, which may degrade
the WDT performance but provide more signal sources for
WET.
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Fig. 1: System model of FAMA assisted IDET in the multi-
user scenario.

A. Wireless channel model

The additional white Gaussian noise (AWGN) channel is
conceived in our system', while the wireless channel gain
between AP,, and the k-th port of u; is characterized by [5]

as , , .
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where z{™" -+ 27 and y{™? .-y are all inde-

pendent Gasussian random variables having zero mean and
the variance of 1. Note that the correlation among different
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ports is realized by invoking the same variables xy ", 1y, .
1 represents the correlation parameter among different ports,

which is expressed by [14] as
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where F,(-;-;-) denotes the generalized hypergeometric

function and Ji() is the first-order Bessel function of the
first kind.
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B. IDET with TS approach

TS approach is conceived at each UE to separate WET
and WDT in a transmission period. Then, in each period, the
received signal at u; by activating the k-th port is expressed
as
Yk,i = V Pigl(glyl)si + Z V ng](gmyz)sm

desired signal by AP, m7i

+ 05, + i,
N——

noise
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interference caused by the rest APs

'In this paper, we focus on the impact of channel fading on the IDET
performance, while that of pathloss is neglected.



where s; is the transmitted Gaussian signal having the unit
power for w;, P; denotes the transmission power of s;. 7} is
the complex AWGN having the zero mean and the variance
of 0,7, at the k-th antenna port of w;. z; is the passband-to-
baseband noise of u; which also follows the complex Gaussian
distribution having the zero mean and the variance of 2.

In each period, information decoding is firstly operated at
the WDT slot of w;. If the k-th antenna port is selected,
the signal-to-interference-plus-noise-ratio (SINR) of u; is ex-
pressed as

Pilgt" PE[|1s]|?]
N m,i
S i Pl Y PE[[sm 2] + 02 + o2
(i) P| (i’i)|2
Zn);ﬂ P, | (m, 7)|2

where (a) assumes that the interference power is much greater
than the noise power, from which the SINR becomes the
signal-to-interference-ratio (SIR). The UE wu,; then operates
energy harvesting in the next WET slot. If the k-th antenna
port is selected, the energy harvesting power is then expressed
as

SINR}, =
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C. Port slection

Interference signals may result in different impact on the
performance of WDT and WET. For instance, a stronger
interference may cause information decoding failure, while
it may increase the receive power for WET. Therefore, port
selection method of the fluid antenna should be separately
designed for either WDT or WET. In the WDT slot, u;
chooses an optimal port that maximizes the SINR expression
in (4) as
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where (b) assumes the case that all the APs have identical
transmission power P. In the WET slot, u; selects an optimal
antenna port that maximizes the total energy harvesting power
in (5) as

(6)
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III. PERFORMANCE ANALYSIS OF THE FAMA ASSISTED
IDET SYSTEM

A. WDT Performance Analysis

To ensure the correctness of information decoding, the
SINR at each UE should be as high as possible. The WDT

outage probability €%, 1 is defined as the probability that the
SINR at u; is lower than a threshold ~, which is expressed as

€y pr = Prob(SINR, <)
= Prob(mkax SINR}, < )

(L)1 (8)
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According to [5], the upper bound of €}, is derived as
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where [c]T = max{0,c}. Then, we aim to analyse the

reliable throughput of the FAMA-IDET system, defined as
7 = Nehyr log(1 + ), where v is the SINR threshold and
€94t represents the probability that at least one UE suffers
from WDT outage [15]. Accordingly, e}, can be expressed
as

%%)T =1-(1- 611/VDT)(1 - G%A/DT) (1= E%DT)
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Given that only a fraction of «; is allocated for WDT of
each UE, the reliable throughput in the whole period is then
formulated as

7= NRa(l — €} r)
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where the TS ratios are assumed to be the same as, o; =
a,(i=1,2,---, N) for the sake of simplicity.

B. WET Performance Analysis

In the WET slot, the UE harvests the power of the received
signals. However, due to hardware limitations, the power of
the received signals should exceed a threshold, denoted as
Q11 in order to activate the energy harvesting circuits. Then,
the WET outage probability is defined as the probability
that the energy harvesting power Q! 5 is lower than the
threshold Q. By conceiving the port ‘selection method for
WET, the energy harvesting of u; is futher formulated as
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the WET outage probability €4, - of u; is then expressed as
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Note that given x(y and yg, Y) is non-central chi distributed
with 2N degrees of freedom [16, p. 22]. By denoting 79 £
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function (PDF) of Y}, is then formulated as
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where Iny_1(-) denotes the (N — 1)-order modified Bessel
function of the first kind. When r is given and determined,
all the Yy, (k=1,2---, K) are independent with each other.
Hence, the joint PDF of Y7, Y5, -- | Yi conditioned on rg is
formulated as
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Lemma 1. The conditional cumulative density function

(CDF) of Y1,--- , Yk is given by
K
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where Qn (+) is the N-order Marcum Q-function.

Note that 7o £ SN (asém’i))2 + (yém’i))2 is central chi

m=1
distributed with 2N degrees of freedom [16, p. 21]. Therefore,
we have
rN=lexp (=3%)
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where T'(+) is the gamma function.

fro(r) = (18)

Theorem 1. The WET outage probability eZWET of u; is
formulated as

i e,
WET = T ONT(N)
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Proof: The WET outage probability is given by

19)
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where Qu, = P?% is defined in (14). By substituting
(18) and (17) into (20) and after some simplification, (19)
is obtained, which completes the proof. [ |

Lemma 2. In Gauss-Laguerre quadrature [17, p. 923].
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where [ is the I-th root of Laguerre polynomial L, (x), and
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Theorem 2. By invoking Lemma 2, the WET outage proba-
bility e%,[, pr can be approximated in a closed form as
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C. Average energy harvesting amount

ey
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(23)

Then, we aim to analyse the average energy harvesting
amount, E}wg, of u; in the WET slot, which is presented
in Theorem 3.

Theorem 3. The average energy harvesting amount, E° g of
u; is expressed as (24).

Proof: According to (12) and (13), the average energy
harvesting amount of wu; is expressed as

E(ng =(1- a7)T]E[Qk;VET]
N
= (1 - @)(1 - 4*)T PE[max zguémﬁﬁ] (25)
=;E [max Yil,

where 1; = (1—a;)(1—p?)TP. By denoting Z = maxy, Y,
the CDF of variable Z can be obtained in (19) by substituting
Q¢n, with z. Thus, the PDF of Z is derived as
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is formulated as (24) by invoking

E[m}gx Yi] =E[Z] = /000 zf(z)dz, 27)

which completes the proof. ]

Theorem 4. By invoking Lemma 2, average energy harvesting
amount of u; can be approximated in a closed form as (28).

IV. NUMERICAL RESULTS

In this section, the performance of the FAMA assisted
IDET system is evaluated by both the theoretical analysis and
Monte Carlo based simulation. It is assumed that the wireless
channels of different AP-UE pairs have identical statistical
characteristics. The transmission power of all the APs are set
to the same as P = 1 W, while the duration of a period is set
to T =1 ms.
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Fig. 4: Reliable throughput against the SINR threshold ~.
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Fig. 5: Aaverage energy harvesting amount against the number
of ports K.

Fig. 2 depicts the WDT outage probability and the WET
outage probability versus the number of UEs, N, with v = 3.6
dB and @y, = 25 W2, where different numbers of ports
and fluid antenna sizes are conceived. The WDT outage
probability is obtained according to the theoretical upper
bound derived in (9), while the WET outage probability is
obtained by both the Monte Carlo based simulation and the
derived closed-form in (19) and (23). Observe from Fig. 2
that the theoretical results of the WET outage probability
match well with the simulation ones, which validates the
accuracy of our theoretical analysis. Moreover, the WET

2Since the AWGN channel is conceived in our system, the energy harvest-
ing threshold 4y, is an equivalent value by neglecting the impact of pathloss.
Note that by defining the pathloss as €2, the exact energy harvesting threshold
at the receiver is Q¢p /.



outage probability decreases when we increase the number
of UEs N. This is because the UE is able to receive more
wireless signals from other APs and glean more energy. On
the contrary, the WDT outage probability increases with NV,
since the interference from other APs becomes much serious.
Furthermore, it can be observed that a larger number of ports
K, or a larger size of fluid antenna W, concurrently improve
the performance of both WDT and WET. This is because a
larger K or W increases the likelihood of selecting an optimal
port having a better wireless channel gain, which improves the
received signal strength for either WDT or WET. Moreover,
a trade-off between the WDT and WET performance should
be obtained by optimizing the number of UEs in the network.

Fig. 3 depicts the WDT outage probability and the WET
outage probability versus the number of ports K, with v = 6.1
dB and Q;, = 18 W, where different numbers of UEs and
fluid antenna sizes are conceived. As expected, the WDT
outage probability and the WET outage probability decrease
when K or W increases. Note that when the antenna size
W, increases from W =1 to W = 2, the outage probalities
of both WDT and WET significantly decrease, which demon-
strates that the antenna size is a critical influencing factor for
both WDT and WET.

Fig. 4 illustrates the reliable throughput by comparing the
fluid antenna system and the 3-antenna MIMO system in
[3] with the same antenna size. Observe from Fig. 4 that
the reliable throughput is concave with respect to the SINR
threshold « for both systems. This is because a larger SINR
threshold improves the transmission data rate, which results
in the increase of the reliable throughput. However, when the
SINR threshold is too high, the outage probability of WDT
increases rapidly, which dominates the reliable throughput and
lead to the further decreasement. As expected, the reliable
throughput increases with the TS ratio a. Moreover, the fluid
antenna system is able to achieve a better reliable throughput
performance compared to the traditional MIMO benchmark,
when the number of ports is large enough, i.e., K = 5000.

Fig. 5 investigates the average energy harvesting amount
Eqvg versus the number of ports K, where the antenna size
is set to W =1 and the number of UEs is N = 4. Observe
from Fig. 5 that when we increase K, the average energy
harvesting amount also increase, since a larger K enhances
the probability of selecting an optimal port having a better
wireless channel gain, which results in an improved received
signal strength for WET. Moreover, we also compare the WET
performance of the fluid antenna system with that of a 3-
antenna MIMO system in [12] with the same antenna size.
It is observed that FAMA assisted IDET system outperforms
the 3-antenna MIMO system when K is large enough, i.e.,
K = 800. As expected, a larger TS ratio « results in a worse
energy harvesting performance, since the WET duration is
shortened. Therefore, a trade-off between the WDT and WET
performance should be obtained by optimizing the TS ratio
in the network.

V. CONCLUSION

In this paper, a FAMA assisted IDET system was studied,
where a fluid antenna is equipped at each UE to mitigate
the multiuser interference and enhance the strength of en-
ergy harvesting signals by dynamically switching the antenna
ports. Simulation results validated the theoretical analysis
and evaluated the IDET performance of the system, which
demonstrated that the FAMA assisted system could achieve a
better IDET performance than traditional MIMO, while the
trade-off between WDT and WET should be obtained by
optimizing the number of users and TS ratio of the network.
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