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Abstract—The performance of simultaneous wireless infor-
mation and power transfer (SWIPT) in downlink (DL) cell-free
massive multiple-input multiple-output (MIMO) is investigated.
Tight approximations to the DL harvested energy and the
DL/uplink (UL) achievable rates are derived for two practical
channel state information (CSI) cases by using a non-linear
energy harvesting model for time-switching and power-splitting
protocols. Max-min fairness-based transmit power control poli-
cies are employed to mitigate the deleterious near-far effects
caused by distributed transmissions/receptions in cell-free mas-
sive MIMO. The achievable common DL energy-rate trade-off
is derived, and thereby, it is shown that the proposed max-
min power control guarantees user-fairness regardless of near-
far effects in terms of both harvested energy and achievable
rate. The benefits of user estimated DL CSI to boost the
SWIPT performance are explored. These performance metrics
are compared against those of the conventional co-located
massive MIMO, and thereby, it is revealed that the reduction
of path-losses and lower average transmit powers offered by
cell-free massive MIMO can be exploited to boost the energy-
rate trade-off of SWIPT at the expense of increased backhaul
requirements.

Index Terms—SWIPT, Energy-rate trade-off, Distributed
massive MIMO

I. INTRODUCTION

The concept of wireless power transfer (WPT) was con-
ceived by Nikola Tesla in the 1890s. It was originally
intended for long-distance transmission of electrical energy
from a power source to an electrical load without wired
interconnections. Recently, the short-range WPT technology
was rejuvenated for prolonging the battery-life of energy-
constrained user nodes such as low-complexity sensors and
Internet-of-Things (IoTs) [2]. In the downlink (DL) WPT,
the energy is beamformed towards the users, and this harvest
energy is typically stored or used to charge batteries. Then, a
predefined fraction of the DL harvested energy can be used
for uplink (UL) transmissions [3], [4].

By exploiting the broadcast nature of radio frequency
(RF) wave propagation, the concept of simultaneous wireless
information and power transfer (SWIPT) has been envisioned
recently [5]–[7]. SWIPT techniques can be leveraged to
prolong the battery-life or to serve as an alternative power
source of energy-constrained, low-power wireless nodes in
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emerging IoTs [1], [5], [6], [8]–[12]. Deviating from sepa-
rated information/energy receiver architectures [5], [7], two
low-complexity co-located receiver structures, namely (i) the
power-splitting (PS) receiver and (ii) the time-switching (TS)
receiver, have been proposed in [6], [11] for enabling SWIPT
in wireless systems. In PS receiver, the RF power captured
by the rectenna is split based on a PS ratio by a power splitter
and directed toward the information decoding and energy
harvesting [6]. In TS receiver, the transmission duration is
split into two orthogonal time-slots, which are then used for
information and energy transmissions [6].

Despite its promise projected by early exploratory research
with idealized system models [5], [6], the main inhibiting
factors of enabling SWIPT in practical wireless networks
include (i) inherent severe end-to-end path-loss [8], (ii) low
radio frequency to direct current (RF-to-DC) conversion
efficiency of rectennas [8], [9], and (iii) non-linear operat-
ing characteristics of energy harvesting circuitry [13]–[15].
Nonetheless, favorable propagation, channel hardening, and
aggressive spatial multiplexing gains rendered by massive
multiple-input multiple-output (MIMO) can be exploited to
boost the performance gains of SWIPT [1], [8], [9].

Massive MIMO is originally conceived to serve many users
in the same time-frequency resource element by exploiting
aggressive spatial multiplexing gains offered by a very large
co-located antenna array at a base-station (BS) [16]. Time-
division duplexing (TDD) based co-located massive MIMO
in sub-6 GHz frequency band has already been commercial-
ized in the United States by Sprint [17], and it is one of the
key enabling technologies of the fifth-generation (5G) stan-
dard [18]. Co-located massive MIMO is primarily intended
for conventional cellular type deployments.

Recently, a cell-free massive MIMO architecture has been
envisioned for wireless standards beyond 5G [19]. In cell-free
massive MIMO, a large number of geographically distributed
antennas or access-points (APs) simultaneously serves many
users in the same time-frequency resource element in the
TDD mode of operation. All APs are connected to a central
processing unit (CPU) via a conventional backhaul network
[20] or through a fronthaul network [21] where the CPU is a
part of an emerging cloud-radio access network (C-RAN)
[22]. The main difference between the cell-free massive
MIMO and the well-established concepts of network MIMO
[23], coordinated-multipoint (CoMP) [24], and distributed
antenna systems (DAS) [25] is that the perspectives of
cell-boundaries are not considered in the former because
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all APs, which are distributed across a given geographical
area, cooperatively/coherently serve all user nodes via spatial
multiplexing techniques [20]. The TDD-based operation of
cell-free massive MIMO enables local estimation of UL
channel state estimation (CSI) at each AP [20], and thus, the
overhead of CSI exchange among APs can be mitigated. The
DL payload data and transmit power allocation coefficients
of the user nodes are sent by the CPU to all APs in which
a simple maximal ratio transmission (MRT) based precoder
can be used for DL transmissions [20]. The APs forward
the data received from the user nodes in the UL towards
the CPU through the fronthaul/backhaul network. Then, a
maximal ratio combining (MRC) based joint detection of UL
user signals can be conducted at the CPU by adopting the sta-
tistical DL CSI whenever DL channel estimation at the user
nodes is utilized to minimize the channel estimation overhead
[20]. The benefits of cell-free massive MIMO include high
probability of coverage for user nodes with better average
channel conditions with average reductions of path-losses,
large macro-diversity gains, reduced average transmit power
requirements, and large spectral/energy efficiencies [20].

A. SWIPT with co-located massive MIMO

In [26], the maximization of energy efficiency, while
satisfying quality-of-service requirement, is investigated for
energy beamforming based SWIPT in large-scale MIMO
systems. In [27], SWIPT for hybrid data/energy users is
studied in the context of massive MIMO by proposing a
max-min throughput optimization technique based on optimal
allocation of time-slot durations and transmit power. In
[28], the performance of SWIPT in DL massive MIMO is
investigated by maximizing the minimum harvested energy
among the energy-users subject to a minimum achievable
rate for the data-users. The performance bounds and power
control coefficients of [27] and [28] are valid only for the
asymptotically large BS antenna regime. In [29], the impact
of imperfectly estimated CSI on SWIPT performance in
massive MIMO is studied by quantifying the max-min opti-
mal energy-rate trade-off. In [30], efficient user association
techniques for wireless energy transfer in massive MIMO
heterogeneous networks are proposed. In [31], [32], the fea-
sibility of adopting dual-hop massive MIMO relay networks
in boosting the performance of SWIPT is investigated. In
[9], the performance metrics of SWIPT in multi-cell massive
MIMO multi-way relay networks are derived in the presence
of erroneously estimated CSI.

B. Motivation

Although SWIPT has been extensively adopted for co-
located massive MIMO [9], [26]–[29], to the best of our
knowledge, practically viable performance bounds of SWIPT
for cell-free massive MIMO have not yet been investigated
in the open literature except for the initial idea in [33]. Thus,
our paper fills this gap by establishing practically achievable
performance bounds of SWIPT in cell-free massive MIMO
with estimated CSI. The proposed system model can reap

benefits of distributed transmission/reception in cell-free mas-
sive MIMO to overcome the challenge of low harvested
energy levels observed in SWIPT primarily owing to inherent
severe path-losses. Since the APs are distributed over a given
large geographical area, cell-free massive MIMO leverages
macro-diversity benefits to mitigate shadow fading more
efficiently than the co-located counterpart. Because the users
tend to be located more closer to the APs, SWIPT with cell-
free massive MIMO has a potential of offering substantially
higher coverage probability, while minimizing the through-
put/energy outage probabilities than the co-located massive
MIMO. Cell-free massive MIMO has been shown to be more
robust against the detrimental correlated small/large-scale
fading than the co-located counterpart [20]. Thus, the cell-
free massive MIMO can boost the performance of SWIPT,
and the underlying practical potential motivates our work.

C. Our contribution

In this paper, we leverage the benefits of cell-free massive
MIMO to boost the performance of a hybrid SWIPT/WPT
system model. The information and energy are transfered
in the DL by adopting SWIPT-enabled cell-free massive
MIMO, and then, the DL harvested energy is used for UL
user transmissions. Tight approximations to the achievable
rates, harvested energy, and fundamental rate-energy trade-
offs of SWIPT-enabled cell-free massive MIMO are derived
for two PS and TS receiver structures. These performance
metrics capture non-linear operating characteristics of the
energy harvesting circuitry [14].

Our performance metrics are categorized by considering
the availability of statistical CSI and estimated DL CSI at the
users. In the former case, the users s rely on statistical CSI
for signal decoding, while in the latter case, the estimated DL
CSI is used at the users by virtue of DL pilots beamformed by
the APs. The energy-rate trade-offs of these two CSI cases are
quantified, and our analysis captures the deleterious effects
of residual interference caused by beamforming/detection
uncertainties at the APs/users owing to imperfect/partial CSI.

This paper technically contributes to the mitigation of
detrimental near-far effects on SWIPT performance metrics
of a cell-free massive MIMO set-up. The achievable rate-
energy trade-offs of the max-min fairness optimal trans-
mit power control are derived to maximize the minimum
achievable user rate and the harvested energy for both TS
and PS receiver structures. By adopting the corresponding
optimal transmit power control coefficients, the common user
rates and harvested energies are derived. Then, the max-
min fairness optimal energy-rate trade-offs are quantified
and compared against those of the uniform power control.
Thereby, it is revealed that the proposed power control
policies are able to mitigate the near-far effects of SWIPT-
enabled cell-free massive MIMO.

Our analysis is then used to quantify the performance gains
of SWIPT-enabled cell-free massive MIMO over the con-
ventional co-located counterpart. Consequently, it is shown
that the former set-up outperforms the latter mainly owing
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to inherent macro-diversity gains and lesser average path-
losses caused by distributed APs. However, these gains are
achieved by cell-free set-up at the expense of increased back-
haul/fronthaul requirements over the co-located counterpart.

Finally, the feasibility of utilizing the energy harvested
during the DL SWIPT at the users for UL transmission is
investigated by deriving the UL achievable rates. Our analysis
reveals that the UL user rate gains for this specific case
primarily rely on efficient DL/UL transmit power control.
This is because the harvested energy via DL SWIPT depends
on DL power control at the APs, while the UL rates depend
on how the DL harvested energy is allocated for UL transmit
power and battery storage at the users. It is advocated that the
transmit power must be jointly controlled to optimize the DL
harvested energy and UL achievable rates. The deleterious
near-far effects on the energy-rate trade-off for this specific
case have shown to be more stringent with the cell-free set-
up than the co-located counterpart. Nevertheless, it is also
revealed that the proposed max-min power control policies
can jointly mitigate near-far effects not only on both DL
harvested energy but also DL/UL achievable rates.

D. Difference relative to the existing literature:

Even though there exists a handful of research on SWIPT
in co-located massive MIMO [9], [26]–[32], the fundamental
performance metrics have not yet been established in the
context of SWIPT-enabled cell-free massive MIMO. It has
been already shown that the data rate performance of cell-free
massive MIMO is fundamentally different from that of the
co-located counterpart [20]. Thus, the performance bounds of
SWIPT in cell-free massive MIMO are also expected to be
considerably different from those established for co-located
counterpart [9], [27]–[32]. This is because not only users
but also APs are geographically distributed, and hence, the
harvested energy and rates are severely hindered by the near-
far effects. In [29], max-min transmit power control has been
adopted to separately mitigate detrimental near-far effects on
the rates and harvested energy in SWIPT-enabled co-located
massive MIMO. However, in a cell-free set-up, near-far
effects on both the rate and harvested energy must be jointly
mitigated. To this end, we investigate max-min transmit
power control policies to optimize the energy-rate trade-off,
while guaranteeing the user-fairness. The distinct long-term
channel coefficients between the distributed APs and the
users ensure that our max-min power control solutions are
different from those appeared for the co-located counterpart,
where the large-scale channel coefficient between a given
user and all antennas is the same.

All related prior works on SWIPT-enabled massive MIMO
[9], [26]–[32] utilize linear energy harvesting models at the
users. Nonetheless, our analysis deviates from this ideal
model by adopting a practically viable SWIPT model pro-
posed by [14], which can capture non-linear characteristics of
energy harvesting circuitry. Moreover, by adopting a hybrid
TS/PS protocol from [35], we generalize our performance
analysis for both TS and PS protocols.

AP1

AP2 APm

APm+1
APM

User2

User1 UserK

Userk
Userk+1

CPU

hmk

Fig. 1. A cell-free massive MIMO system.

Although the impact of imperfectly estimated UL channels
has been investigated to design precoders for SWIPT-enabled
massive MIMO [31], [32], the users have been assumed to
rely on statistical CSI. This assumption can be justified for
co-located massive MIMO because the instantaneous channel
coefficients can be approximated tightly by their average
counterparts when the number of co-located antennas grows
without bound [34]. However, the same justification may
not be valid for a cell-free set-up in which the APs are
geographically distributed [36]. To this end, distinctively
from the related prior research [9], [26]–[32], we investigate
the impact of user estimated DL CSI, which is acquired
through beamforming DL pilots towards the users, and
thereby deriving the SWIPT performance metrics. To the best
of our knowledge, the proposed DL/UL max-min fairness
optimal energy-rate trade-offs of DL and UL transmission in
SWIPT have not yet been reported in the context of cell-free
massive MIMO.
Notation: zH and ‖z‖ denote the conjugate-transpose and
Euclidean norm of z, respectively. The conjugate of z is
denoted by z∗, and z ∼ CN (·, ·) denotes that z is a complex-
valued circularly symmetric Gaussian random variable. E[·]
and Var[·] are the expectation and variance, respectively.

II. SYSTEM, CHANNEL AND SIGNAL MODELS

A. System model

We consider a TDD-based cell-free massive MIMO system
in which M single-antenna APs serve K single-antenna
user nodes (see Fig. 1). The user nodes are equipped with
both information and energy receivers. The energy harvesting
model at each user node is generalized by adopting both TS
and PS receiver structures/protocols. The channel coherence
interval (τc) is divided into three main orthogonal time-slots
and used for pilot, DL, and UL transmissions. Depending on
the CSI case1, the pilot phase is used for either only UL and
or both UL/DL pilot transmissions (see Fig. 2a and Fig. 2b).

1) SWIPT in DL transmission: The SWIPT is performed
in DL transmission phase by using TS protocol, PS protocol
or both protocols. Thus, the DL time-slot is further divided
into two portions based on the TS/PS factors (α/θ) to receive
payload data and harvest the energy. Specifically, ατd portion

1The pilot transmission and channel estimation aspects are discussed in
Sections II-B1 and VII.
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τc = Coherence interval

τp ατd

DL Energy Transfer (PS)

Pilots

(1− α)τd

UL θ

(1−θ)DL Data Transfer (TS/PS)
UL Data Transfer

τu

DL Energy
Transfer

(TS)

(a) A generalized transmission frame structure for TS and PS protocols.

(b) A generalized transmission frame structure for TS and PS protocols with
DL pilot transmission

τc = Coherence interval

τp ατd,d

Pilots

(1− α)τd,d

UL θ

(1−θ)

τu

DL
Pilots

τp,d

DL Energy
Transfer

(TS)

DL Energy Transfer (PS)

DL Data Transfer (TS/PS)
UL Data Transfer

Fig. 2. A generalized transmission frame structure for TS and PS protocols
with/without DL pilots.

of the DL time-slot is dedicated for DL power transfer via
TS protocol, while the reminder portion of length (1− α)τd
is used for simultaneous DL information transfer. If the PS
protocol is adopted, then the received signal power is split
into two streams during (1−α)τd via a power splitter having
a PS ratio of θ : 1−θ and passed through the energy harvester
and the information decoder, respectively.

2) UL transmission: The final time-slot (τu) of the coher-
ence interval is allocated for the UL2 user data transmission
towards APs. During this UL time-slot, each user node
allocates a fraction of its harvested energy in the DL phase
for UL data transmission (see Fig. 2a).

3) Backhaul/fronthaul requirement: In cell-free massive
MIMO, all APs must be connected to a CPU either via a
conventional backhaul network [20] or by using an emerging
fronthaul networks in C-RAN [21]. Since the UL channels are
estimated locally at each AP via user pilots and a local MRT
precoder is employed at each AP, no CSI is exchanged among
APs. This considerably reduces the overhead of cell-free
systems compared to network MIMO and CoMP. However,
DL/UL data must be transmitted to/from the CPU towards
APs. Thus, there exists a fundamental trade-off between
performance gains and backhaul/fronthaul requirements.

B. Channel model

The channel coefficient between the mth AP and the kth
user is denoted by hmk, and the channel is modeled as

hmk = ζ
1/2
mk h̃mk, (1)

where h̃mk ∼ CN (0, 1) captures small-scale/Rayleigh fading
and stays fixed during the coherence interval [34]. Moreover,
ζmk captures the large-scale fading effects, including path-
loss and log-normal shadowing, between the mth AP and the
kth user. It is typically assumed that these large-scale fading
coefficients are known a-priori as they change slowly and
remain fixed for thousands of coherence interval [20], [34].

2The performance analysis corresponding to joint DL/UL transmission
within the same coherence interval is discussed in Section VI.

1) Uplink channel estimation: The UL channels are esti-
mated locally at APs by using user pilots [20]. During the
UL time-slot, all K users send pilots of length τp to all
APs. The pilot transmitted by the kth user is denoted by
φk ∈ C1×τp , where k ∈ {1, · · · ,K}. We assume that these
pilots are mutually orthogonal; φHk φk′ = 0 for k 6= k′ and
‖φk‖2 = 1. Thus, the pilot length should satisfy τp ≥ K.
The pilot signal received at the mth AP is given by [20], [34]

y′pm =
√
τpPp

K∑
k=1

hmkφk + n′m, (2)

where Pp is the pilot transmit power of each user, n′m is an
additive white Gaussian noise (AWGN) vector at the mth
AP, and elements of n′m are independent and identically
distributed (i.i.d.) CN (0, 1) random variables. By projecting
(2) onto φHk , a sufficient statistic that can be used to estimate
hmk locally at the mth AP can be written as [20], [34]

ypmk = φHk y′pm =
√
τpPphmk + nm, (3)

where nm = φHk n′m ∼ CN (0, 1) because φk is a unitary
vector. The minimum mean square error (MMSE) estimate
of hmk can be derived as [37]

ĥmk =
E
[
y∗pmkhmk

]
E[|ypmk|2]

ypmk = cmkypmk, (4)

where cmk is given by

cmk =

√
τpPpζmk

τpPpζmk + 1
. (5)

Due to channel reciprocity property of TDD, APs utilize
the same locally estimated ĥmk as DL CSI to construct
its precoder [34]. The true channel can be represented as
hmk = ĥmk + εmk, where εmk is the estimation error, which
is independent of the estimate yielded from the orthogonality
property of MMSE criterion [37].

C. Non-linear energy harvesting model

In practice, the harvested energy is a non-linear function of
the received power at the rectenna. Such a non-linear energy
harvesting circuitry can be modeled as [14]

ΨEH (PR) =

[
λ

1− ν

(
1

1 + exp(−µ (PR − ω))
− ν
)]+

=

[
λ (1− exp(−µPR))

1 + exp(−µ (PR − ω))

]+
, (6)

where ΨEH (PR) is a non-linear function of PR, and rep-
resents the instantaneous harvested energy. Moreover, ν =
1/ (1 + exp(µω)) and [z]

+
= max (0, z). The non-linearities

of the energy harvesting circuitry are modeled via λ, µ and
ω. Based on [14], these parameters are set to λ = 20 mW,
µ = 6400 /µW, and ω = 2.9µW.
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D. Signal model

1) Signal model for DL transmission: In DL transmission,
APs employ conjugate precoding, which is designed based
on the locally estimated channels (4). The signal transmitted
by the mth AP can be written as

xm =
√
Pd

K∑
k=1

η
1/2
mk ĥ

∗
mkqk, (7)

where qk is the symbol intended for the kth user satisfying
E
[
|qk|2

]
= 1. In (7), Pd is the maximum allowable transmit

power at each AP, and ηmk is the power allocation to the
kth user symbol at the mth AP. Then, the transmit power
constraint of the mth AP can be defined as E

[
|xm|2

]
≤ Pd.

By substituting (7) into this constraint and applying several
mathematical manipulations, it can be rewritten as

K∑
k=1

ηmkE
[
|ĥ∗mk|2

]
≤ 1 ⇒

K∑
k=1

ηmkρmk ≤ 1, (8)

where ρmk , E
[
|ĥmk|2

]
=
√
τpPpcmkζmk. The signal

received at the kth user from all M APs can be written as

rk =

M∑
m=1

hmkxm + nk, (9)

where nk ∼ CN (0, 1) is an AWGN at the kth user. The
signal in (9) can be rearranged as

rk =
√
Pd

M∑
m=1

η
1/2
mkhmkĥ

∗
mkqk

+
√
Pd

M∑
m=1

K∑
i 6=k

η
1/2
mi hmkĥ

∗
miqi + nk, (10)

where the first term represents the desired signal component,
while the second term captures the inter-user interference
yielded from beamforming uncertainty of conjugate precod-
ing with imperfectly estimated CSI at the APs.

III. PRELIMINARY ANALYSIS

A. Instantaneous Harvested Energy

During the first portion of DL time-slot having a length
of ατd, the APs transfer power in the DL and users harvest
energy based on the TS protocol (see Fig. 2a). During the
second portion having a length of (1 − α)τd, users harvest
energy based on the PS protocol. The total harvested energy
for TS and PS protocols at the kth user can be written as

Ek = ατdΨEH (Pk) + (1− α)τdΨEH (θPk) , (11)

where ΨEH(·) is the non-linear function in (6), and Pk is
the incident/received power at the rectenna of the kth user.
By using (9), Pk can be defined as

Pk = Pd

∣∣∣∣∣
M∑
m=1

K∑
i=1

η
1/2
mi hmkĥ

∗
miqi

∣∣∣∣∣
2

. (12)

Remark 1: The harvested energy (11) can be used to in-
vestigate the performance of both TS and PS protocols. By
letting θ = 0 and α 6= 0, the harvested energy yielded by
the TS protocol can be computed. If α = 0 and θ 6= 0,
then (11) provides the harvested energy of the PS protocol.
When α 6= 0 and θ 6= 0, (11) can be used to quantify the
performance of a hybrid TS/PS protocol. The same argument
applies to the achievable user rate, which is presented in (19).

B. Average Harvested Energy

The average harvested energy at the kth user is given by

Ēk = ατdE[ΨEH (Pk)] + (1− α)τdE[ΨEH (θPk)] . (13)

The exact closed-form evaluation of (13) appears mathemat-
ically intractable. To obtain useful insights, a tight upper
bound for (13) is derived by using Jensen’s inequality as

Ēk≤ Ēubk =ατdΨEH (E[Pk])+(1−α)τdΨEH (θE[Pk]),(14)

where E[Pk] = P̄k is derived as (see Appendix A)

E[Pk] = Pd

M∑
m=1

ηmkρ
2
mk + Pd

M∑
m=1

K∑
i=1

ηmiρmiζmk. (15)

C. Achievable DL rate

The users are unaware of instantaneous channel coef-
ficients with no DL pilots, and thus, they must rely on
the statistical CSI for the signal decoding [34]. The signal
received at the kth user (10) can be re-arranged to be suitable
for detection with only statistical channel knowledge at users
as given in (16), where P̃d , Pd (1− θ). According to [34],
[38], the effective noise can be treated as the worst-case
independently distributed Gaussian noise. Then, the signal-
to-interference-plus-noise ratio (SINR) at the kth user can be
written as (17). By computing the expectation and variance
terms, this SINR (17) can be derived as (see Appendix B)

γk =
P̃d

(∑M
m=1 η

1/2
mk ρmk

)2
P̃d
∑M
m=1

∑K
i=1 ηmiρmiζmk + 1

. (18)

Then, an achievable rate of the kth user can be defined as

Rk =
(1− α) τd

τc
log2 (1 + γk) , (19)

where the pre-log factor (1− α) τd/τc captures the effective
potion of the coherence interval for the DL data.

IV. MITIGATING NEAR-FAR EFFECTS

Max-min power control has been shown to be optimal
in the sense of user-fairness under near-far effects in multi-
user systems [34], [39]–[41]. In SWIPT, user-fairness must
be guaranteed not only in terms of the rates but also with
respect to the harvested energy. In this section, a max-min
fairness-based energy-rate trade-off analysis is presented to
mitigate the deleterious near-far effects.
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rk =

√
P̃dE

[∑M

m=1
η
1/2
mkhmkĥ

∗
mkqk

]
︸ ︷︷ ︸

desired signal

+

√
P̃d

(∑M

m=1
η
1/2
mkhmkĥ

∗
mkqk − E

[∑M

m=1
η
1/2
mkhmkĥ

∗
mkqk

])
︸ ︷︷ ︸

detection uncertainty

+

√
P̃d
∑M

m=1

∑K

i 6=k
η
1/2
mi hmkĥ

∗
miqi︸ ︷︷ ︸

Inter-user interference

+ nk︸︷︷︸
AWGN

(16)

γk =
P̃d

∣∣∣E[∑M
m=1 η

1/2
mkhmkĥ

∗
mk

]∣∣∣2
P̃dVar

[∑M
m=1 η

1/2
mkhmkĥ

∗
mk

]
+ P̃dE

[∣∣∣∑M
m=1

∑K
i 6=k η

1/2
mi hmkĥ

∗
mi

∣∣∣2]+ E
[
|nk|2

] , (17)

A. Transmit power control for the PS protocol

In PS protocol, the data transmission and energy harvesting
take place within the same time-slot, and thus, the transmit
power must be controlled jointly to maximize the harvested
energy and rate of the weakest user. This requires a multi-
objective optimization problem (MOOP) formulation [42].
Thus, this MOOP can be formulated as

maximize
ηmk∀m,k

(
R̄c,PS

)wr
(
Ēc,PS

)we
= λc (20a)

subject to C1 : Rwr

k Ēwe

k ≥ λc, (20b)

C2 :
∑K

k=1
ηmkρmk ≤ 1, (20c)

C3 : 0 ≤ ηmk, (20d)

where R̄c,PS and Ēc,PS are the system-wide common target
DL rate and the harvested energy, respectively. Moreover,
wr and we are the priorities assigned to R̄c,PS and Ēc,PS ,
respectively. Due to the non-convex nature of the multi-
objective function in (20b) [43], an optimal closed-form
solution to this MOOP becomes mathematically intractable
for a finite number of APs3. To circumvent this difficulty, a
two-step approach is proposed to obtain the max-min optimal
energy-rate trade-off for PS protocol. In the first step, by
keeping the PS factor fixed, a common harvested energy is
obtained by maximizing the minimum harvested energy. In
the second step, a common DL user rate can be derived by
maximizing the minimum user rate for a fixed PS factor. The
common rate and harvested energy are functions of the PS
factor. By solving for the PS factor from the common rate
and then by substituting it to the common harvested energy, a
max-min fairness-based energy-rate trade-off can be derived.

1) Maximizing minimum harvested energy for PS protocol:
A max-min power control policy is formulated to maximize
the minimum harvested energy for a fixed PS factor as

maximize
ηmk∀m,k

Ēc,PS (21a)

subject to C1 : Ēk ≥ Ēc,PS , (21b)

C2 :
∑K

k=1
ηmkρmk ≤ 1, (21c)

C3 : 0 ≤ ηmk, (21d)

where Ēc,PS is the common target for the harvested energy
and Ēk is given in (14) with α = 0 for the PS protocol. As per
(14), Ēk is a non-decreasing function of the average received

3This MOOP is solved in the large AP regime as shown in Section V-A.

power, and thus, Ēk can be replaced by E[Pk], which is
given in (15). Next, the max-min optimization problem in
(21) can be equivalently reformulated by defining a slack
variable βmk , η

1/2
mk as

maximize
βmk∀m,k

P̄c,PS (22a)

subject to C1 : E[Pk] ≥ P̄c,PS , (22b)

C2 :
∑K

k=1
β2
mkρmk ≤ 1, (22c)

C3 : 0 ≤ βmk, (22d)

where P̄c,PS is the common average received power. The
constraints (22b)-(22d) and the objective function (22a) are
convex [44]. This convex optimization problem (22) can be
modeled as a second order cone programming (SOCP) and
solved via CVX [44].

Algorithm 1 The proposed statistical channel information
based pilot assignment and user grouping algorithm
Input: Path-losses between all M APs and K users and the

average transmit power, Pd.
Output: The power control coefficients ηmk for m ∈
{1, · · · ,M} and k ∈ {1, · · · ,K}.

1: Begin - CVX.
2: Set a common target average received power, P̄c,PS .
3: Solve the convex feasibility problem given by

‖V Ek
‖ ≥

√
P̄c,PS/Pd, (23)

which is subjected to the constraints (22c)-(22d). More-
over, ‖V Ek

‖ ,
[
vTE1, v

T
E2

]
, where vE1 and vE2 are

given by

vE1 , [β1kρ1k, · · · , βMkρMk ]
T
, (24a)

vE2 ,
[
β11
√
ρ11ζ1k, · · · , βMK

√
ρMKζMk

]T
.(24b)

4: End - CVX.
5: return ηmk = β2

mk for m ∈ {1, · · · ,M} and k ∈
{1, · · · ,K}.

2) Maximizing minimum achievable rate for PS protocol:
By invoking the max-min optimization [34], the optimal
transmit power control coefficients can be computed for a
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fixed PS factor to maximize the minimum DL rate among
all users. To this end, a max-min power control problem
can be formulated by replacing Ēc,PS and Ēk in (21) with
R̄c,PS , the common/target DL rate that can be achieved at
the optimal solution and Rk, the instantaneous DL rate of
the kth user given in (19) with α = 0, respectively.

Since Rk is a non-decreasing function of its argument,
the kth user rate can be replaced by the SINR of the kth
user (γk), which is given in (18). By introducing a common
SINR (γc,PS) for all users and by defining a slack variable
βmk , η

1/2
mk , the optimization problem can be equivalently

reformulated as

maximize
βmk∀m,k

γc,PS (25a)

subject to C1 : γk ≥ γc,PS , (25b)

C2 :
∑K

k=1
β2
mkρmk ≤ 1, (25c)

C3 : 0 ≤ βmk. (25d)

Since the objective function in (25a) is a quasi-concave
function, the underlying optimization problem is also quasi-
concave [20], [44]. Then, an optimal solution for the feasibil-
ity problem in (25) for a fixed PS factor (θ) can be obtained
by invoking a variation of the Bisection method for solving
SOCP [20], [44] as presented in Algorithm 2.

3) Max-min optimal energy-rate trade-off for PS protocol:
By first solving for θ in (21b) and then substituting it into
(25b), a max-min fairness-based common energy-rate trade-
off for PS protocol can be obtained by using the max-min
optimal solutions of P̄ ∗c,PS and γ∗c,PS as in (26).

Remark 2: Any point along this energy-rate trade-off
curve (26) corresponds to a common harvested energy and
user rate pair computed via solving max-min fairness-based
optimization. Then, the PS factor (θ) for any point along this
trade-off curve can be obtained via back-substitution of either
common harvested energy or user rate into the corresponding
metric, which is in turn a function of the PS factor.

B. Transmit power control for the TS protocol

In this subsection, our objective is to mitigate the adverse
near-far effects of SWIPT with TS protocol, in which the
power and information transfers occur in two orthogonal
time-slots. Thus, the transmit power can be optimized to
ensure max-min user-fairness in terms of both harvested
energy and user rates for a given TS factor. Thereby, the max-
min fairness optimal energy-rate trade-off can be derived. By
traversing through this trade-off curve, a max-min optimal TS
factor (α) for any common energy-rate can be obtained.

1) Max-min fairness optimal common harvested energy for
TS protocol: In this subsection, a common harvested energy
at each user is obtained via max-min transmit power control.
Since all users achieve this common harvested energy for a
given TS factor, the near-far effect can be readily mitigated.
Since the harvested energy is a non-decreasing function of
the average received power, the max-min optimal power
control coefficients can be computed by setting a common
received energy (Ēc,TS) for every user. Thus, a max-min

Algorithm 2 : Bisection algorithm for transmit power control
Input: Path-losses between all M APs and K users and the

average transmit power, Pd.
Output: The power control coefficients ηmk for m ∈
{1, · · · ,M} and k ∈ {1, · · · ,K}.
Initialization: Define an initial region for the objective
functions by choosing appropriate values for tmin and
tmax. Choose a tolerance ε > 0.

1: while tmax − tmin > ε do
2: Calculate, γc,PS = (tmax + tmin)/2.
3: Solve the convex feasibility problem, which can be

given as

‖V γk‖ ≤
1

√
γc,PS

(∑M

m=1
βmkρmk

)
, (27)

which is subjected to C2 and C3 given in (25c) and
(25d), respectively. Moreover, V γk ,

[
vT1 , 1/

√
P̃d

]
,

where

v1 , [β11
√
ρ11, · · · , βMK

√
ρMK ]

T
. (28)

4: If the status of the problem is feasible, then set tmin =

γc,PS , otherwise set tmax = γc,PS .
5: Stop if tmax − tmin < ε. Otherwise go to Step 2.
6: end while
7: return ηmk = β2

mk for m ∈ {1, · · · ,M} and k ∈
{1, · · · ,K}.

power control policy to ensure a common harvested energy
can be formulated by replacing the Ēc,PS and Ēk in (21)
with Ēc,TS and E[Pk], defined in (15), respectively. The
objective function of the optimization problem can shown
to be convex [34], [44]. The equality of the respective
optimization problem holds at the optimal solution, and
thus, all harvested energies must be equal to the common
maximum value, Ē∗c,TS . Then, the optimization problem can
be reformulated and then solved by adopting an algorithm
similar to one used for (22) by using CVX [44].

2) Max-min fairness optimal common user rate for TS
protocol: A max-min fairness common rate for a fixed TS
factor (α) can be obtained by computing transmit power
allocation coefficients to maximize the minimum DL user
rates among all users [34]. The user rate in (19) is a non-
decreasing function of the SINR, γk. Thus, by introducing
a common SINR (γc,TS) for all users, the power control
coefficients can be computed such that this common SINR
is maximized. Then, by keeping the TS factor fixed, a max-
min power control policy can be formulated by replacing
γc,PS in (25) with γc,TS . Since the objective function is
quasi-concave, this optimization problem too becomes quasi-
concave [20], [44]. Then, this can be solved via the same
Bisection method [44] proposed for (25).
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R∗c,PS =
τd
τc

log2

1 +
Pd
(
1− Ē∗c,PSΨ−1EH

(
P̄ ∗c,PS

)
/τd
) (∑M

m=1 η
1/2
mk ρmk

)2
Pd

(
1− Ē∗c,PSΨ−1EH

(
P̄ ∗c,PS

)
/τd

)∑M
m=1

∑K
i=1 ηmiρmiζmk + 1

 (26)

R∗c,TS =

(
1− Ē∗c,TSΨ−1EH

(
P̄ ∗c,TS

)
/τd
)
τd

τc
log2

1 +
Pd

(∑M
m=1 η

1/2
mk ρmk

)2
Pd
∑M
m=1

∑K
i=1 ηmiρmiζmk + 1

 (29)

3) Max-min optimal energy-rate trade-off for TS protocol:
The max-min optimal energy-rate trade-off for the TS proto-
col can be derived by first solving for α in (14) and then by
substitute it into (19). Thus, the max-min optimal energy-rate
trade-off for the TS protocol can be written as (29).

Remark 3: By traversing through the energy-rate trade-off
curve in (29), the max-min optimal TS factor for any pair
of common energy and rate can be obtained. The TS factor
(α) is a function of the energy harvesting duration within a
coherence interval. Thus, our solution inherently deals with
optimizing the time-slots allocated for energy harvesting and
data transmission in the sense of max-min user-fairness.

V. ASYMPTOTIC ANALYSIS FOR DL TRANSMISSION

In this section, the performance of SWIPT is investigated
when the number of APs grows without bound (M → ∞).
By substituting the UL channel estimate in (3) and (4) into
(10), an asymptotic approximation for the received power at
the kth user can be derived as (see Appendix D)

Pk,∞ = Pd

(
M∑
m=1

η
1/2
mk ρmk

)2

. (30)

The asymptotic harvested energy at the kth user is given by

Ēk=ατdΨEH (E[Pk,∞]) + (1− α)τdΨEH (θE[Pk,∞]) . (31)

The asymptotic achievable rate at the kth user is given by

Rk,∞ =
(1− α) τd

τc
log2 (1 + γk,∞) , (32)

where the asymptotic SINR (γk,∞) is given by

γk,∞ = P̃d

(
M∑
m=1

η
1/2
mk ρmk

)2

, (33)

where the receiver noise variance is normalized to unity.

A. Asymptotic transmit power control for PS protocol

In contrast to Section IV-A, in this subsection, a MOOP
[42] is formulated to control transmit power in the asymptotic
AP regime (M → ∞). This MOOP formulation is particu-
larly useful for the PS protocol in which the energy and data
transfer take place in the same time slot. Thus, a MOOP is

formulated to asymptotically optimize the energy-rate trade-
off of PS protocol as [42]

maximize
βmk∀m,k

(
P∞c,PS

)we
(
γ∞c,PS

)wr
= λ (34a)

subject to C1 :
√
λ ≤

√
Pd

(∑M

m=1
βmkρmk

)
, (34b)

C2 :
∑K

k=1
β2
mkρmk ≤ 1, (34c)

C3 : 0 ≤ βmk, (34d)

where we and wr are the priorities assigned for the harvested
energy and rate. For instance, if energy and data transfers
have the same priority, then we = wr = 1 [29], [42]. In (34b),
βmk , η

1/2
mk and λ is a slack variable for the common rate

and harvested energy. All constraints and objective function
in (34) are convex [34], [44]. Consequently, the MOOP in
(34) is solved via CVX [44].

At the optimal solution, by solving for θ in the harvested
energy in (31) and then substituting it into the user rate
in (33), the asymptotically optimal energy-rate trade-off is
derived as (35).

B. Asymptotic transmit power control for TS protocol

Since the energy and data transmissions take place in two
orthogonal time-slots in the TS protocol, the two separate
max-min problems to optimize the harvested energy and
achievable rate can be formulated by following steps similar
to (34). For the energy transfer phase of the TS protocol, λ in
the objective function in (34) becomes the common harvested
energy with unity priority; we = 1 (wr = 0). For the data
transfer phase, λ in the objective function in (34) must be
replaced by the common achievable rate with unity priority;
wr = 1 (we = 0). These optimization problems can be shown
to be convex and hence can be solved via CVX [44].

By following a similar approach to the PS protocol, at the
optimal solution, we derive the asymptotic max-min optimal
energy-rate trade-off as M →∞ as in (36).

VI. UPLINK TRANSMISSION

A. Signal model for UL transmission

In UL, the users are typically assumed to be equipped
with an external back-up power source in the event that the
harvested energy level is inadequate for sending UL data in
a mission critical application [3], [4]. Thus, the total energy
at the kth user can be written as

ETotk = ERemk + Ēk, (37)
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R∞∗c,PS =
τd
τc

log2

1 +
(
1− E∞∗c,PSΨ−1EH

(
P∞∗c,PS

)
/τd
)
Pd

(
M∑
m=1

η
1/2
mk ρmk

)2
 (35)

R∞∗c,TS =

(
1− E∞∗c,TSΨ−1EH

(
P∞∗c,TS

)
/τd
)
τd

τc
log2

1 + Pd

(
M∑
m=1

η
1/2
mk ρmk

)2
 (36)

where ERemk is the back-up/remaining energy at the kth user
and Ēk is the total harvested energy (13). We also defined a
threshold energy, EMin

k , which is the minimum energy that
is needed for pilot transmission at the kth user. Then, the kth
user transmits its UL signal if

EMin
k > (1− κ)ETotk , (38)

where 0 < κ < 1 is a fraction used to allocate transmit power
between the UL payload data and pilots. Then, a predefined
portion of this total energy can be used for UL payload data
transfer at each user, while the remaining portion can be used
for UL pilot transfer. The average transmit power used for
UL data transfer at the kth user can be derived as

Puk = κETotk /τu, (39)

where τu is the coherence interval allocated for UL data
transmission, and ETotk is the total available energy defined
in (37). The signal received at the mth AP can be written as

rm,u =

K∑
k=1

√
Pukηkhmkqk,u + nm,u, (40)

where qk,u is the signal transmitted by the kth user satisfying
E
[
|qk,u|2

]
= 1, ηk is its UL power control coefficient and

nm,u ∼ CN (0, 1) is an AWGN at the mth AP. Then, the mth
AP employs a conjugate precoder, which is constructed based
on its local UL channel estimate (4). The post-processed
signal at the CPU from the kth user can be written as

rk,u =

M∑
m=1

ĥ∗mkrm,u, (41)

where rm,u is given in (40). By substituting (40) into (41),
the received signal at the CPU can be rewritten as

rk,u =

M∑
m=1

√
Pukηkĥ

∗
mkhmkqk,u +

M∑
m=1

ĥ∗mknm,u

+

M∑
m=1

K∑
i 6=1

√
Puiηiĥ

∗
mkhmiqi,u, (42)

where the first, second, and third terms represent the desired
signal component, filtered noise and, inter-user interference.

B. The UL achievable rate

By following steps similar to (16), the received signal (42)
can be rearranged to make it suitable for decoding at the CPU
as (43). By using (43), the effective UL SINR can be derived
as (44). The variance and expectation terms of (44) can be

computed by using techniques similar to those in Appendix
B. Thereby, the UL SINR can be derived in closed-form as

γk,u =
Pukηk

(∑M
m=1 ρmk

)2
∑K
i=1 Puiηi

∑M
m=1 ρmkζmi +

∑M
m=1 ρmk

. (45)

Next, we derive the achievable UL rate as follows:

Rk,u =
τu
τc

log2 (1 + γk,u) , (46)

where τu/τc captures the effective potion of the coherence
interval used for UL data transfer and γk,u is defined in (45).

C. Joint DL/UL transmit power control

To ensure that the UL user rates are independent of
the near-far effects, while maximizing the minimum DL
harvested energy, a joint max-min fairness optimal DL/UL
transmit power control problem is formulated. Thus, at the
optimal solution of this joint power control, all users achieve
a common UL rate regardless of their channel conditions,
while satisfying a common DL harvested energy constraint
for all users. The achievable rate in (46) is a monotonically
increasing function of its argument γk,u. Since the non-
convexity of non-linear energy harvesting model in (6), we
adopted linear energy harvesting model only for calculating
UL transmit powers in the joint optimization problem. By
first introducing a common UL SINR (γc,u) and a common
DL harvested energy (Ec,d) for all users and then by defining
slack variables βk , η

1/2
k and βmk , ηmk, a max-min joint

power control problem can be formulated as

maximize
βmk,βk∀m,k

(Ec,d)
we(γc,u)wr (47a)

subject to
C1 : E[Pk] ≥ Ec,d, (47b)

C2 : ‖V γk,u
‖ ≤ 1
√
γc,u

(∑M

m=1
βkρmk

)
, (47c)

C3 :
∑K

k=1
βmkρmk ≤ 1, and 0 ≤ βmk ≤ 1,(47d)

C4 :
∑K

k=1
β2
kρmk ≤ 1, and 0 ≤ βk ≤ 1, (47e)

where V γk,u
,
[
vT1,u, v

T
2,u

]
. Moreover, v1,u and v2,u are

given by

v1,u ,

[
β1

√
Pu1ρ1kζ11

Puk
, · · · , βK

√
PuKρMkζMK

Puk

]T
,(48a)

v2,u ,
[√

ρ1k/Puk, · · · ,
√
ρMk/Puk

]T
. (48b)

Since the objective function in (47a) is quasi-concave, this
optimization problem is also quasi-concave [20], [44]. Thus,
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the optimization problem in (47) can be solved as a CVX [44]
feasible problem by using Algorithm 3. Since both energy
and rate are equally prioritized in SWIPT, we set the weights
in (47a) to we = wr = 1 [42].

Algorithm 3 : Bisection algorithm for DL/UL power control
Input: Path-loss coefficients between all M APs and K

users, the average transmit powers of the users, and UL
energy conversion efficiencies of the users.

Output: The DL power control coefficients ηmk for m ∈
{1, · · · ,M}, k ∈ {1, · · · ,K} and the UL power control
coefficients ηk for k ∈ {1, · · · ,K}.
Stage 1:

1: Begin - CVX.
2: Set a common target value for harvested energy.
3: Solve the convex feasible problem given by

‖V Ek
‖ ≥

√
Ec,d/Pd, (49)

which is subjected to the constraint (47d). ‖V Ek
‖ ,[

vTE1, v
T
E2

]
, where vE1 and vE2 are given in (24).

4: Compute the UL transmit power of the user via DL
power control coefficients (β∗mk) by assuming that only
harvested energy is used for UL data transmission

P ∗uk = Ω

(
M∑
m=1

β∗mkρ
2
mk +

M∑
m=1

K∑
i=1

β∗miρmiζmk

)
, (50)

where Ω , κτd (α+ (1− α) θ)Pd/τu.
Stage 2:

5: By using Algorithm 2, solve the the convex feasible
problem given by

‖V γk,u
‖ ≤ 1
√
γc,u

(
M∑
m=1

βkρmk

)
, (51)

which is subjected to (47e). Further, V γk,u
,[

vT1,u, v
T
2,u

]
, where v1,u and v2,u are given in (48b).

6: End - CVX.
7: return ηmk = βmk for m ∈ {1, · · · ,M} and k ∈
{1, · · · ,K} and ηk = β2

k for k ∈ {1, · · · ,K}.

D. Computational complexity
The convex optimization problems in (22), (25), (34), and

(47) are typically solved as SOCP via Matlab CVX [44].
Thus, the computational complexity in terms of the number
of arithmetic operations to solve the corresponding SOCP can
be given as O(n2vnc), where nv is the number of optimization
variables and nc is the number of second order cone con-
straints [45]. The total number of iteration required for solv-
ing the Bisection method is given by log2 ([tmax − tmin]/2)
[44], where tmax and tmin are defined in Algorithm 2. Thus,
these computational complexities are furnished in Table I.

TABLE I
COMPUTATIONAL COMPLEXITY OF THE PROPOSED ALGORITHMS IN

TERMS OF THE NUMBER OF ARITHMETIC OPERATIONS
Algorithm Number of arithmetic operations

Algorithm 1 O(M2K3)

Algorithm 2 log2 ([tmax − tmin]/2)×O(M2K3)

Algorithm 3 log2 ([tmax − tmin]/2)×O(M2K3)2

VII. THE IMPLICATIONS OF DL PILOT TRANSMISSION

AND DL CHANNEL ESTIMATES AT USERS

Thus far, the users have been assumed to be unaware of DL
channel estimates, and the DL channel statistics have been
used for signal decoding by assuming that the effective DL
channel coefficients can be approximated by their average
counterparts by virtue of channel hardening property of
massive MIMO [34]. For co-located massive MIMO, channel
hardening has been justified [38]. Nevertheless, it has been
shown in [36] that the channel hardening in cell-free massive
MIMO occurs only in scenarios where a very large number of
APs is deployed in close vicinity. To circumvent this, in cell-
free massive MIMO, the DL channels can be estimated at the
users via DL pilots beamformed by APs, and the estimated
DL CSI can be used for signal decoding. Here, we present a
performance analysis of SWIPT with DL pilots.

A. Downlink channel estimation at users

Having been locally estimated UL channels, the APs can
now beamform the DL pilots towards the users. This tech-
nique guarantees that the DL pilot sequence length depends
only on the number of users, and it does not scale with the
number of APs [20], [36]. This technique thus paves a way
of efficiently estimating DL channels at the user nodes, while
preserving the system scalability.

Based on the first term of (16), the effective DL channel
coefficient that must be estimated by the kth user node to
decode its desired signal is given by

aki ,
M∑
m=1

η
1/2
mi hmkĥ

∗
mi. (52)

The DL pilot length is τp,d in symbol durations (see Fig.2b).
Thus, an additional τp,d duration is needed for DL channels
estimation.

The pilot sequence transmitted by the mth AP is denoted
by φk,d ∈ Cτp,d×1, where k ∈ {1, · · · ,K}. These DL pilots
are also mutually orthogonal, satisfying φHk,dφk′,d = 0 for
k 6= k′ and ‖φk,d‖2 = 1. The pilot signal sent by the mth
AP can be then written as

xpm =
√
τp,dPp,d

K∑
k=1

η
1/2
mk ĥ

∗
mkφk,d, (53)

where Pp,d is the DL pilot transmit power at each AP, and
ĥmk is defined in (4). The pilot vector received at the kth
user can be written as

y′k,d =

M∑
m=1

hmkxpm + n′pk,d, (54)
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rk,u = E

[
M∑
m=1

√
Pukηkĥ

∗
mkhmkqk,u

]
︸ ︷︷ ︸

desired signal

+

(
M∑
m=1

√
Pukηkĥ

∗
mkhmkqk,u − E

[
M∑
m=1

√
Pukηkĥ

∗
mkhmkqk,u

])
︸ ︷︷ ︸

detection uncertainty

+

M∑
m=1

K∑
i6=k

√
Puiηiĥ

∗
mkhmiqi,u︸ ︷︷ ︸

Inter-user interference

+

M∑
m=1

ĥ∗mknm,u︸ ︷︷ ︸
AWGN

(43)

γk,u =

∣∣∣E[∑M
m=1

√
Pukηkĥ

∗
mkhmk

]∣∣∣2
Var

[∑M
m=1

√
Pukηkĥ∗mkhmk

]
+ E

[∣∣∣∑M
m=1

∑K
i6=k
√
Puiηiĥ∗mkhmi

∣∣∣2]+ E
[∣∣∣∑M

m=1 ĥ
∗
mknm,u

∣∣∣2] (44)

rk,d =

√
P̃dE[(akk|âkk)] qk︸ ︷︷ ︸

desired signal

+

√
P̃d ((akk|âkk) qk − E[(akk|âkk)] qk)︸ ︷︷ ︸

detection uncertainty

+

√
P̃d
∑K

i 6=k
(aki|âkk) qi︸ ︷︷ ︸

Inter-user interference

+ nk,d︸︷︷︸
AWGN

(61)

Eâkk
[γk,d] =

∑M
m=1

∑M
m′=1 η

1/2
mk η

1/2
m′kρmkρm′k +

∑M
m=1 ηmkζmkρmk −

vkk

τp,dPp,dvkk+1

Pd
vkk

τp,dPp,dvkk+1 + Pd
∑K
i 6=k
∑M
m=1 ηmiζmkρmi + 1

(67)

where n′pk,d ∼ CN (0, I) is the kth user AWGN vector. The
received pilot signal is rewritten by using (53) and (54) as

y′k,d =
√
τp,dPp,d

K∑
i=1

akiφi,d + n′pk,d, (55)

where aki is the effective DL channel and is defined in (52).
A sufficient statistic to estimate this effective DL channel can
be obtained by projecting (55) into φk,d as

yk,d = φHk,dy
′
k,d =

√
τp,dPp,dakk + npk,d, (56)

where npk,d = φHk,dn
′
pk,d. By using (56), the MMSE estimate

of the effective channel coefficient (akk) is derived as [36]

âkk = E[akk] (57)

+

√
τp,dPp,dVar[akk]

τp,dPp,dVar[akk] + 1

(
yk,d −

√
τp,dPp,dE[akk]

)
.

By evaluating Var[akk] and E[akk], the MMSE estimate of
akk can be derived as (see Appendix A in [36])

âkk =

√
τp,dPp,dvkkyk,d +

∑M
m=1 η

1/2
mk ρmk

τp,dPp,dvkk + 1
, (58)

where vkk is defined as

vkk ,
M∑
m=1

ηmkζmkρmk. (59)

The actual effective DL channel coefficient is given by
akk = âkk + εakk, where εakk is an estimation error, which
is independent of âkk [37].

B. Achievable DL rate with DL pilots/channel estimates

The received signal at the kth user (10) can be rewritten
by using the effective DL channel coefficient (52) as

rk,d =
√
Pdakkqk +

√
Pd

K∑
i 6=k

akiqi + nk,d, (60)

where nk,d ∼ CN (0, 1) is the kth user AWGN. When DL
channel estimates are available at the kth user, (60) can be
rearranged for signal decoding as (61) [36], [46]. By using
(61), the SINR can be written as

γk,d =
P̃d|E[akk|âkk] |2

P̃d

K∑
i=1

E
[
|aki|2|âkk

]
− P̃d|E[akk|âkk] |2 + 1

.(62)

By noticing that akk is Gaussian distributed, and the pairs
(âkk, ε

a
kk) and (akk, aki) are independent for k 6= i, the SINR

in (62) can be rewritten as follows:

γk,d =
P̃d|âkk|2

P̃d
∑K
i6=k E[|aki|2] + P̃dE[|εakk|2] + 1

. (63)

Then, the achievable DL rate can be defined as

Rk,d =
(1− α) τd,d

τc
Eâkk

[log2 (1 + γk,d)] , (64)

where τd,d = τc − (τp + τp,d + τu). By invoking Jensen’s
inequality, an upper bound of the DL rate at the kth user
node can be derived as

Rubk,d =
(1− α) τd,d

τc
log2 (1 + Eâkk

[γk,d]), (65)

where Eâkk
[γk,d] is given by

Eâkk
[γk,d] =

P̃dE
[
|âkk|2

]
P̃dE[|εakk|2] + P̃d

∑K
i 6=k E[|aki|2] + 1

. (66)

By evaluating expectation terms in (66), the effective SINR
can be written as in (67) (see Appendix C for derivation).

VIII. NUMERICAL RESULTS

The path-loss between the mth AP and the kth user is
modeled as ζmk = (d0/dmk)ν × 10ϕmk/10, where dmk is
the distance between the mth AP and the kth user, d0 is the
reference distance, ν is the path-loss exponent, and 10ϕmk/10
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FRmin(R) = Pr

(
Rmin = min

k

(
(1− α) τd

τc
log2 (1 + γk)

)
≤ R

)
(68)

FEmin
(E) = Pr

(
Emin = min

k
(ατdΨEH (Pk) + (1− α)τdΨEH (θPk)) ≤ E

)
(69)

captures log-normal shadow fading with ϕmk ∼ N (0, σ2
sh)

[34]. The APs are uniformly distributed, while the user nodes
are randomly distributed over an area of D × Dm2. Other
simulation parameters are tabulated in Table II.

TABLE II
SYSTEM PARAMETERS FOR THE SIMULATIONS

Parameter value
Carrier frequency 2 GHz

Bandwidth 20 MHz
Noise figure 10 dB

Noise variance -91 dBm
D, d0 300 m, 1 m
σ2
sh 8 dB

τc, τp = τp,d 196, K
ν 3.4

In Fig. 3, the harvested energy curves for TS and PS
protocols are plotted against the average transmit power (γ̄)
by using linear and non-linear SWIPT models. The curves for
the finite and infinite AP regimes are plotted via Monte-Carlo
simulations and our asymptotic analysis (30), respectively.
The harvested energy of non-linear SWIPT model (6) is
compared to that of the linear model with a fixed RF-to-DC
conversion efficiency of 0.9. Fig. 3 reveals that the linear
SWIPT model overwhelmingly overestimates the harvested
energy with respect to the non-linear counterpart in medium-
to-high average transmit power regime. Fig. 3 also depicts
that the harvested energy can be boosted by increasing the
density of distributed APs in a given geographical area. For
instance with PS protocol, at an average transmit power of
5 mW, the harvested energy can be improved by 69.4% when
the number of APs is increased from 64 to 484. The PS
protocol outperforms TS protocol because the former is able
to perform energy harvesting during the entire DL time-slot
via power-splitters, while the latter employs time-division
technique, which is typically sub-optimal.

In Fig. 4, the energy-rate trade-offs of co-located and cell-
free massive MIMO are compared. In the former case, the
BS is equipped with an M = 64 antenna array, while the
same number of APs is uniformly distributed in the latter
case. User locations are fixed for both systems. These trade-
off curves are plotted by using (13) and (19) with α = 0
and θ = 0 for PS and TS protocols, respectively. Fig. 4
confirms that the distributed APs outperform the co-located
counterpart. For example, at a sum rate of 1.5 bits/s/Hz, the
cell-free massive MIMO provides harvested energy gains of
71.4% and 33.7%, respectively, for TS and PS protocols,
over the co-located massive MIMO. However, cell-free set-up
achieves this performance gain at the expense of an additional
backhaul/fronthaul requirement. Moreover, Fig. 4 depicts the
fundamental trade-off between the harvested energy and the
sum rate. On one hand, the sum rate is maximized when the
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Fig. 3. The harvested energy versus the average transmit power for TS and
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Fig. 4. A comparison of the energy-rate trade-off between the distributed
and co-located massive MIMO architectures of TS and PS protocols for
M = 64, K = 2 and γ̄ = 10 dBm.

both TS and PS factors approach zero, and at this operating
point, the entire time-slot allocated for the DL is used only
for data transfer. Simultaneously, the harvested energies at the
users become infinitesimal. On the other hand, the harvested
energy becomes a maximum when the TS and PS factors
approach unity, and consequently at this operating point, the
sum rate vanishes. Thus, by traversing through the energy-
rate trade-off curves in Fig. 4, the harvested energies and sum
rates can be obtained for any given TS/PS factor.

In Fig. 5 and Fig. 6, the performance of the proposed
max-min fairness-based transmit power control is compared
against the uniform power control. To this end, the cumu-
lative distribution functions (CDFs) of the minimum user
rate and minimum user harvested energy pertaining to PS
protocol are plotted in Fig. 5 and Fig. 6, respectively, by
varying the number of APs as M = 64 and M = 144. These
CDFs are evaluated as given in (68) and (69), where Pr(·)
denotes the probability operator. This comparison reveals the
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Fig. 5. The CDF of the minimum achievable user rate of PS protocol for
K = 2, γ̄ = 10 dBm and θ = 0.5.

0.015 0.02 0.025 0.03 0.035 0.04 0.045

E [mJ]

0

0.2

0.4

0.6

0.8

1

C
D
F

Uniform
Max-min

M = 144M = 64

Fig. 6. The CDF of the minimum user harvested energy of PS protocol for
K = 2, γ̄ = 10 dBm and θ = 0.5.

performance gains that can be acquired by adopting the pro-
posed max-min power control over the uniform counterpart.
For instance as per Fig. 5, at M = 64, the 90%-likely user
rate of the max-min power control is about 0.807 bits/s/Hz,
which is in turn 1.08 times higher than that of the uniform
power control, which provides a minimum user rate about
0.757 bits/s/Hz at the same operating point. Similarly, Fig.
6 reveals that the max-min power control renders a 1.09
times gain in terms of the 90%-likely harvested energy
over the uniform counterpart at M = 64. Fig. 5 and Fig.
6 also reveal that the 90%-likely user rate and harvested
energy can be boosted by 1.41 and 1.56 times, respectively,
when the number of APs is increased from M = 64 to
M = 144. Thus, the proposed max-min power control
guarantees to enhance the user rate and harvested energy with
weak channel conditions.

In Fig. 7, the achievable energy-rate trade-off of the TS
protocol is investigated. By using the optimal solutions of the
proposed max-min transmit power control policies in section
IV-B2, the max-min fairness optimal/common energy-rate
trade-off (29) is plotted. The noise at the kth user’s receiver
is modeled as AWGN4 with variance, σ2

n = −91 dBm. The

4The noise variance in dBm, σ2
n = −174 + 10log2 (B) + Nf , where

B = 20 MHz is the channel bandwidth and Nf = 10 dB is the noise figure
of the receiver.
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Fig. 7. The energy-rate trade-off of TS protocol for K = 2 and γ̄ =

10 dBm, and M = 64.
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Fig. 8. A comparison of the energy-rate trade-off with different number of
APs for K = 2 and γ̄ = 10 dBm..

energy-rate trade-offs of individual users with a uniform
power control policy are also plotted for comparison pur-
poses. Fig. 7 reveals that users experience distinct energy-rate
trade-offs when the uniform power control is adopted, and
thus, the underlying performance metrics are dependent on
the detrimental near-far effects. However, once the proposed
max-min power control is employed, all users achieve a
common energy-rate trade-off regardless of near-far effects.

In Fig. 8, the impacts of number of APs on the energy-rate
trade-offs of TS and PS protocols are studied. Three sets of
trade-off curves are plotted by changing the number of APs as
M ∈ {64, 144, 484}. We observe from Fig. 8 that the energy-
rate trade-off can be boosted significantly by increasing the
AP density in a given geographical area. For instance, at
a harvested energy of 0.02 mJ, the system with M = 144
APs achieves a sum rate gain of 64% over the system with
M = 64 for TS protocol. The asymptotic (M →∞) energy-
rate trade-off curves are plotted by using (31) and (32). The
Monte-Carlo simulation with M = 484 matches well with
the asymptotic analysis in (31) and (32). Thus, the asymptotic
performance limits can be obtained in practice with large but
finite AP regime.

In Fig. 9 and Fig. 10, the joint effects of the hybrid TS
and PS protocol are investigated by plotting the sum rate (19)
and harvested energy (13), respectively, as a function of TS
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(α) and PS (θ) factors. The max-min fairness optimal rate
for PS protocol is plotted by adopting the optimal solution
of (25). Moreover, for PS protocol, the max-min optimization
for the harvested energy (22) is adopted. When both α and θ
approach unity, the sum rate becomes infinitesimal (see Fig.
9), whereas the harvested energy becomes a maximum (see
Fig. 10). Moreover, Fig. 9 and Fig. 10 reveal impact of the
number of APs on the corresponding performance metrics.

In Fig. 11, the performance of the proposed joint DL/UL
transmit power control is investigated by plotting the UL user
rate as a function of the DL harvested energy by varying
the average DL transmit power. The harvested energy in the
DL (i.e., (39) with κ = 0.85) is used for UL transmission.
Specifically, the DL harvested energy versus UL rate trade-off
of the proposed max-min fairness based joint transmit power
control is compared with that of the uniform counterpart. The
max-min optimal curve is plotted by solving the optimization
problem in (47). Fig. 11 shows that the joint max-min
power control yields a common trade-off between the DL
energy and UL rate regardless of the distributed nature of
APs/users and thus, preserving the user-fairness in terms of
the DL energy harvesting and UL user rates. However, the
same trade-off is adversely effected when the uniform power
control is adopted owing to the inherent near-far effects in a
cell-free massive MIMO set-up.
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Fig. 11. Achievable UL user rate versus DL harvested energy for M = 64,
K = 2, α = 0.5 and θ = 0.5.
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Fig. 12. A comparison of the energy-rate trade-off with/without DL pilots
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In Fig. 12, the impact of DL pilots on the energy-rate
trade-off is investigated for both TS and PS protocols by
using Monte-Carlo simulations and our analysis in (66) and
(67). Fig. 12 clearly revels that when the estimated CSI,
which is facilitated by beamforming DL pilots, is utilized at
the users for signal decoding instead of relying on statistical
CSI, the achievable rate can be boosted substantially. Since
the task of beamforming DL pilots requires an additional
time-slot of length τp,d, which is otherwise be used for
energy harvesting purposes, the harvested energy is affected
detrimentally. Thus, Fig. 12 shows that the harvested energy
of the case with DL pilots is slightly less than that of the case
without DL pilots. Nevertheless, as per Fig. 12, the user rate
gain acquired through enabling estimated DL CSI at users via
beamforming DL pilots is more prominent than the slight
degradation of the harvested energy. Thus, the use of DL
pilots is useful in enhancing the overall energy-rate trade-off
of SWIPT operated in a cell-free massive MIMO set-up.

IX. CONCLUSION

The benefits of leveraging cell-free massive MIMO in
practically realizing SWIPT have been investigated. The
feasibility of utilizing a portion of DL harvested energy in
UL user transmissions has been explored by deriving the
UL user rates. By adopting a non-linear energy harvesting
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model, locally estimated UL CSI at the APs and statistical
CSI at the users, tight approximations to the harvested
energies, achievable user rates, and energy-rate trade-offs
have been derived. The impact of DL channel estimation
at users via DL pilot beamfoming to boost the energy-rate
trade-off has been studied. We reveal that user fairness in
terms of both harvested energy and rates can be guaranteed
by adopting max-min based transmit power control policies.
By deriving the max-min optimal energy-rate trade-offs, we
reveal that a common harvested energy and user rate at any
given TS/PS factor can be achieved for all users regardless
of near-far effects. By deriving max-min optimal power
control coefficients for the UL, we show that the detrimental
effects of near-far effect on the UL user rates can also
be mitigated. We reveal that the linear energy harvesting
model overestimates the SWIPT performance over those of
the non-linear counterpart. Through a max-min energy-rate
trade-off comparison, we conclude that a cell-free massive
MIMO set-up can potentially boost the SWIPT performance
over a co-located counterpart at the expense of additional
backhaul/fronthaul requirements.

APPENDIX A
DERIVATION OF E[Pk] IN (15)

By substituting (4) and (12) into (15), the average received
power can be derived as

E[Pk] = PdE

∣∣∣∣∣
M∑
m=1

η
1/2
mkhmkĥ

∗
mk

∣∣∣∣∣
2
 (70)

+PdE


∣∣∣∣∣∣
M∑
m=1

K∑
i 6=k

η
1/2
mi hmkĥ

∗
mi

∣∣∣∣∣∣
2


= Pd

M∑
m=1

ηmkc
2
mkζmk (2τpPpζmk + 1)

+Pd

M∑
m=1

K∑
i6=k

ηmic
2
miζmk (τpPpζmi + 1)

= Pd

M∑
m=1

ηmkρ
2
mk + Pd

M∑
m=1

K∑
i=1

ηmiρmiζmk.

Furthermore, ρmk in (15) can be derived as

ρmk = E
[∣∣∣ĥmk∣∣∣2] = c2mkE

[
|ypmk|2

]
(71)

= cmkE
[(√

τpPph
∗
mk + nm

)
hmk

]
=
√
τpPpcmkζmk.

APPENDIX B
DERIVATION OF SINR IN (18)

The expectation in numerator of (17) can be derived as

E

[
M∑
m=1

η
1/2
mkhmkĥ

∗
mk

]
=

M∑
m=1

η
1/2
mkE

[(
ĥmk + εmk

)
ĥ∗mk

]
=

M∑
m=1

η
1/2
mkE

[
ĥmkĥ

∗
mk

]
=

M∑
m=1

η
1/2
mk ρmk, (72)

where εmk is the error of MMSE estimate of hmk such that
hmk = ĥmk + εmk. Then, the variance in (17) is derived as

Var

[
M∑
m=1

η
1/2
mkhmkĥ

∗
mk

]

=

M∑
m=1

ηmk

(
E
[∣∣∣(ĥmk + εmk

)
ĥ∗mk

∣∣∣2]− ρ2mk)

=

M∑
m=1

ηmk
(
2ρ2mk + ρmk (ζmk − ρmk)− ρ2mk

)
=

M∑
m=1

ηmkρmkζmk. (73)

The expectation in denominator of (17) can be computed as

E


∣∣∣∣∣∣
K∑
i6=k

M∑
m=1

η
1/2
mi hmkĥ

∗
mi

∣∣∣∣∣∣
2


(a)
=

K∑
i 6=k

M∑
m=1

ηmic
2
miE

[
|hmkypmi|2

]
(b)
=

K∑
i 6=k

M∑
m=1

ηmic
2
miζmk (τpPpζmi + 1)

=

K∑
i 6=k

M∑
m=1

ηmiρmiζmk, (74)

where the steps (a) and (b) are written by substituting (3)
and (4) into (4) and (17), respectively.

APPENDIX C
DERIVATION OF EFFECTIVE SINR IN (67)

Next, E
[
|εakk|2

]
in (66) is computed by substituting (58)

and (56) into the expectation of the denominator in (66) as

E
[
|εakk|2

]
= E

[
|akk − âkk|2

]
= E

∣∣∣∣∣akk −
∑M
m=1 η

1/2
mk ρmk −

√
τp,dPp,dvkknpk,d

τp,dPp,dvkk + 1

∣∣∣∣∣
2


=
E
[∣∣akk − E[akk]−

√
τp,dPp,dvkknpk,d

∣∣2]
(τp,dPp,dvkk + 1)

2

=
Var[akk] + τp,dPp,dv

2
kk

(τp,dPp,dvkk + 1)
2 =

vkk
(τp,dPp,dvkk + 1)

. (75)

The second expectation term in the denominator of (66) can
be derived as

E
[
|aki|2

]
= E

∣∣∣∣∣
M∑
m=1

η
1/2
mi ĥmkĥ

∗
mi

∣∣∣∣∣
2
 (76)

+E

∣∣∣∣∣
M∑
m=1

η
1/2
mi εmkĥ

∗
mi

∣∣∣∣∣
2
 =

M∑
m=1

ηmiζmkρmi.

The expectation term in the numerator of (66) is given by

E
[
|âkk|2

]
= E

[
|akk − εakk|2

]
= E

[
|akk|2

]
− E

[
|εakk|2

]
. (77)



16

By substituting (30) in [36] and (75) into (77), we have

E
[
|âkk|2

]
=

M∑
m=1

M∑
m′=1

η
1/2
mk η

1/2
m′kρmkρm′k

+

M∑
m=1

ηmkζmkρmk −
vkk

τp,dPp,dvkk + 1
. (78)

Then, by substituting (75), (77) and (78) into (66), the DL
rate with DL pilots can be derived as shown in (67).

APPENDIX D
DERIVATION OF ASYMPTOTIC SIGNAL POWER

As M →∞, the received signal power at the kth user can
be given as

Pk,∞ = |rk,∞|2 = lim
M→∞

|rk|2

= lim
M→∞

∣∣∣∣∣√Pd
M∑
m=1

K∑
i=1

η
1/2
mi hmkĥ

∗
miqi

∣∣∣∣∣
2

, (79)

where rk is given in (10). By using channel estimate in (4),
and then, by invoking Tchebyshev’s theorem [47], we have

1

M

M∑
m=1

η
1/2
mi hmkĥ

∗
mi −

1

M

√
τpPp

M∑
m=1

η
1/2
mi cmiζmkφ

T
i φ
∗
k

→
M→∞

0. (80)

Since we use orthogonal pilots with φTi φ
∗
k = 0 for i 6= k, the

residual interference due to pilot contamination disappears
from the received signal. Thus, we have

rk
M
−
√
τpPpPd

M

M∑
m=1

η
1/2
mk cmkζmkqk →

M→∞
0. (81)

Then, the signal received at the kth user can be asymptoti-
cally approximated as

rk,∞ = lim
M→∞

rk →
√
τpPpPd

M∑
m=1

η
1/2
mk cmkζmkqk. (82)

Thus, the received signal at the kth user can be written when
M →∞ as

rk,∞ =
√
τpPpPd

M∑
m=1

η
1/2
mk cmkζmkqk

=
√
Pd

M∑
m=1

η
1/2
mk ρmkqk. (83)

By substituting (83) into (79), the power of the received
signal can be derived as

Pk,∞ = |rk,∞|2 = Pd

(
M∑
m=1

η
1/2
mk ρmk

)2

. (84)
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