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Abstract— In this paper, we investigate the fundamental
multiple access (MA) scheme in an active intelligent reflecting
surface (IRS) aided energy-constrained Internet-of-Things (IoT)
system, where an active IRS is deployed to assist the uplink
transmission from multiple IoT devices to an access point (AP).
Our goal is to maximize the sum throughput by optimizing the
IRS beamforming vectors across time and resource allocation.
To this end, we first study two typical active IRS aided MA
schemes, namely time division multiple access (TDMA) and
non-orthogonal multiple access (NOMA), by analytically com-
paring their achievable sum throughput and proposing corre-
sponding algorithms. Interestingly, we prove that given only one
available IRS beamforming vector, the NOMA-based scheme
generally achieves a larger throughput than the TDMA-based
scheme, whereas the latter can potentially outperform the former
if multiple IRS beamforming vectors are available to harness
the favorable time selectivity of the IRS. To strike a flexible
balance between the system performance and the associated
signaling overhead incurred by more IRS beamforming vectors,
we then propose a general hybrid TDMA-NOMA scheme with
device grouping, where the devices in the same group transmit
simultaneously via NOMA while devices in different groups
occupy orthogonal time slots. By controlling the number of
groups, the hybrid TDMA-NOMA scheme is applicable for any
given number of IRS beamforming vectors available. Despite
of the non-convexity of the considered optimization problem,
we propose an efficient algorithm based on alternating opti-
mization, where each subproblem is solved optimally. Simulation
results illustrate the practical superiorities of the active IRS
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over the passive IRS in terms of the coverage extension and
supporting multiple energy-limited devices, and demonstrate the
effectiveness of our proposed hybrid MA scheme for flexibly
balancing the performance-cost tradeoff.

Index Terms— Active intelligent reflecting surface (IRS), multi-
ple access (MA), IRS beamforming, resource allocation, through-
put maximization.

I. INTRODUCTION

W ITH the rapid development of Internet-of-Things (IoT)
technologies, the unprecedented proliferation of elec-

tronic tablets, wearable devices, and mobile sensors is set to
continue, which hastens a variety of IoT applications such
as smart transportation, smart metering, and smart cities [1].
In a typical IoT system, multiple sensor devices connect
with an access point (AP) to form a wireless data collection
system, which has been widely deployed in various practi-
cal applications, i.e., event detection for emergency services,
external environment monitoring, wireless surveillance for
public safety, etc., [2]. For these applications, the low-cost
devices gather a large volume data from specific areas and then
send it to the AP for further processing. However, the limited
battery capacity of IoT devices is one of critical issues due to
their practical size and cost constraints, which fundamentally
limits their information uploading capabilities [3], [4].

To overcome the aforementioned limitations, new cost-
effective wireless techniques have to be developed for assist-
ing data transmission of IoT systems. Recently, intelligent
reflecting surface (IRS) has emerged as a cost-effective tech-
nology for enhancing the spectral- and energy-efficiency of
future wireless networks [5], [6], [7]. Generally, IRS tech-
nologies mainly involve two types of architectures, namely
passive IRS and active IRS. In particular, passive IRS is a
digitally-controlled meta-surface composed of a large number
of low-cost passive elements in tuning the phase shifts of the
incident signals. With the proper design of the phase shifts of
each element, IRS is capable of enhancing the signal reception
at the desired destinations and/or mitigating the interference
to unintended users, thereby artificially establishing favorable
propagation conditions without requiring any RF chains. The
fundamental power scaling law of passive IRS was firstly
unveiled in [8] and [9], which demonstrated that passive IRS
can provide an asymptotic squared-power gain in terms of
received power at users via passive beamforming. The above
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advantages of passive IRS have then inspired an intensive
research interest in optimizing IRS phase shifts for different
wireless communication system setups, such as multi-cell
cooperation [10], [11], [12], physical layer security [13],
[14], [15], millimeter-wave communications [16], [17], and
unmanned aerial vehicle communications [18], [19]. While
these works aimed at exploiting passive IRS for enhancing
wireless information transmissions (WIT) of cellular networks,
its high passive beamforming gain is also practically appealing
for multifarious IoT application scenarios and unlocking its
full potential in extending the lifetime of energy-constrained
IoT devices [20]. Regarding the IRS-enabled IoT systems,
several works have been emerged on three typical research
lines, namely IRS-aided wireless information and power trans-
fer (SWIPT) [21], [22], [23], IRS-aided wireless powered
communication networks (WPCNs) [24], [25], [26], [27], and
IRS-aided mobile edge computing (MEC) [28], [29], [30].

Specifically, all of the aforementioned works have
considered to exploit passive IRS for assisting wireless
communications. Nevertheless, one critical issue of passive
IRS-aided wireless systems is that its performance may be
practically limited by the well-known high (product-distance)
path-loss [6]. To address the issue of passive IRS, a new type
of IRS, called active IRS, has been recently proposed in [31],
[32], [33] and [34] by amplifying the incident signals with
low-cost hardware. Different from passive IRS, active IRS
comprises a number of active elements, which are equipped
with low-cost negative resistance components (e.g., negative
impedance converter and tunnel diode), thereby enabling to
amplify the reflected signals [31]. It is worth noting that the
active IRS is quite different from the amplify-and-forward
(AF) relay although it is capable of amplifying incident
signals. Specifically, for the conventional AF relay, power-
consuming RF chains are generally needed to receive signals
first and then transmit it with the power amplification. In con-
trast, the active IRS does not need RF chains and the basic
operation mechanism of the active IRS is similar to that of the
passive IRS, which directly amplify/reflect signals in the air
with low-power reflection-type amplifiers. By leveraging the
active IRS in wireless transmissions of cellular networks, the
joint AP and IRS beamforming design problems were investi-
gated in [31] and [32] for different system setups, i.e., single
user uplink and multi-user downlink communication systems,
respectively. In addition, the optimization of the active IRS
deployment was studied in [33]. Benefited by smartly control-
ling the amplification gain at each element, the results in [31],
[32] and [33] demonstrated that the active IRS can perform
better than the passive IRS in most practical scenarios.

Despite the aforementioned advantages of applying active
IRS for assisting cellular networks, the employment of active
IRS in energy-constrained IoT systems is attractive for over-
coming the issue of the low information uploading capabil-
ities for IoT devices due to their limited battery capacity.
Note that massive connectivity is another requirement of IoT
systems. Regarding the issue of the massive access in IoT
systems, multiple access (MA) technique is one of the most
fundamental enablers for accommodating a large number of
IoT devices. The existing MA techniques can be loosely

classified into two categories, namely orthogonal multiple
access (OMA) and non-orthogonal multiple access (NOMA).
NOMA is practically appealing for IoT networks due to
its capability to enable the access of massive devices by
allowing multiple users to simultaneously access the same
spectrum [35]. Compared to OMA, several superiorities have
been shown by integrating NOMA into conventional IoT
applications without active IRS, such as MEC [36], [37], [38]
and data collection systems [39], [40].

Based on the above discussions, it is nature to investigate
the potential performance gain of integrating active IRSs into
energy-constrained IoT systems by considering different MA
schemes. Regarding an active IRS-aided energy-constrained
IoT system, several fundamental issues remain unsolved.
First, does time division multiple access (TDMA) outperform
NOMA in such systems? Since active IRS is able to proac-
tively establish favorable time-varing wireless channels, it is
generally believed that exploiting dedicated IRS beamforming
patterns for each individual device has a beneficial effect for
TDMA. Additionally, the amplification gain of each element
at active IRS is highly dependent on the transmit power of
devices. For the typical energy-limited scenario, the transmit
power of each device when employing NOMA is generally
lower than that of TDMA for a given amount of energy, which
renders that NOMA may reap larger available amplification
gains at the active IRS compared to TDMA. Taking the above
factors into consideration, it still remains an open problem
which MA scheme is more beneficial for maximizing the
system throughput. Second, how to design a more advanced
MA scheme that is capable of flexibly striking a balance
between performance and signaling overhead? This question
is driven by the fact that even if TDMA outperforms NOMA,
it also incurs higher signalling overhead since more IRS beam-
forming patterns are needed. As such, it may not be preferable
to rely on the pure TDMA-based scheme considering the
performance-cost tradeoff, especially when the number of IoT
devices is practically large.

Motivated by the above issues, we study an active IRS-
aided energy-constrained IoT system considering different MA
schemes, where an active IRS is deployed to assist the UL data
transmission between multiple energy-constrained devices and
an AP. Different from the conventional passive IRS, the ability
of power amplification for the active IRS provides new degrees
of freedom to combat against the severe double path loss
and further enhance the received signal power. On the other
hand, it also introduces new optimization variables and makes
the IRS beamforming vectors and transmit power of each
device closely coupled in the newly added IRS amplification
power constraints, thus rendering the joint design of the IRS
beamforming and resource allocation more challenging than
that of the conventional passive IRS. The main contributions
of this paper are summarized as follows.

• We first study active IRS-aided energy-constrained IoT
systems by utilizing both TDMA and NOMA schemes.
For the TDMA scheme, the IRS beamforming vectors can
be adjusted dynamically across time for each individual
device, whereas for the NOMA scheme, all the devices
share the same set of IRS beamforming vector during
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their data transmission. By utilizing the proposed models,
we formulate the corresponding system sum throughput
maximization problems by jointly optimizing the transmit
power of each device, time allocation, and IRS beam-
forming vectors, subject to the energy constraints of IoT
devices and the IRS amplification power constraints.

• For the TDMA scheme, we prove that the energy of
each device would be used up for maximizing the sum
throughput and then transform the original optimiza-
tion problem into a more tractable one equivalently.
An efficient algorithm is further proposed to solve it
based on successive convex approximation (SCA), where
all the variables are optimized simultaneously. For the
NOMA scheme, we propose an alternating optimization
(AO)-based method to partition the entire variables into
two blocks, namely the transmit power of devices and
IRS beamforming vectors. Based on semidefinite program
(SDP) techniques and Charnes-Cooper transformations,
each block of variables is obtained optimally in an
iterative way until convergence is achieved.

• Regarding the achievable sum throughput of the active
IRS aided TDMA and NOMA schemes, we prove
that given only one available IRS beamforming vector,
the NOMA based scheme generally achieves a larger
throughput than the TDMA based scheme, whereas the
latter can potentially outperform the former if multiple
IRS beamforming vectors are available. To provide more
flexibility for balancing the performance-cost tradeoff,
we propose a hybrid TDMA-NOMA scheme, where
multiple devices are partitioned into several groups and
the devices in the same group transmit simultaneously
via NOMA while devices in different groups occupy
orthogonal time resources. The proposed scheme gener-
alizes the TDMA and NOMA schemes as two special
cases and is applicable for any given number of IRS
beamforming vectors available. We further extend the
AO-based method to solve its associated optimization
problem by applying proper change of variables.

• Our numerical results validate the theoretical findings
and demonstrate that the practical superiorities of the
active IRS over the conventional passive IRS in terms of
supporting multiple low-energy devices, extending cover-
age range, and reducing the required number of reflect-
ing elements. Moreover, it is shown that our proposed
hybrid TDMA-NOMA scheme is capable of significantly
lowering the signaling overhead at the cost of slight
performance loss by properly determining the number of
devices in each group.

The rest of this paper is organized as follows. Section II
presents the system model for the active IRS-aided energy-
constrained IoT system and problem formulations considering
TDMA and NOMA. Sections III introduces proposed effi-
cient algorithms for the corresponding problems in Section II
and provides the theoretical performance comparison for the
TDMA and NOMA-based schemes. In Section IV, we pro-
pose a general hybrid TDMA-NOMA scheme and extend the
AO-based algorithm for solving its associated optimization
problem. Section V presents numerical results to evaluate

Fig. 1. An active IRS-aided energy-constrained uplink communication
system.

the performance of our proposed schemes and draw useful
insights. Finally, we conclude the paper in Section VI.

Notations: Boldface upper-case and lower-case letter denote
matrix and vector, respectively. Cd1×d2 stands for the set of
complex d1 × d2 matrices. For a complex-valued vector x,
‖x‖ represents the Euclidean norm of x, arg(x) denotes the
phase of x, and diag(x) denotes a diagonal matrix whose main
diagonal elements are extracted from vector x. For a vector
x, x∗ and xH stand for its conjugate and conjugate trans-
pose respectively. For a square matrix X, Tr (X), ‖X‖2 and
rank (X) respectively stand for its trace, Euclidean norm and
rank, while X � 0 indicates that matrix X is positive semi-
definite. A circularly symmetric complex Gaussian random
variable x with mean μ and variance σ2 is denoted by
x ∼ CN (μ, σ2

)
. O (·) is the big-O computational complexity

notation.

II. SYSTEM MODELS AND PROBLEM FORMULATIONS

A. System Model

As shown in Fig. 1, we consider an active IRS-aided
energy-constrained uplink communication system, where an
active IRS with N elements, denoted by the set, N Δ=
{1, . . . , N}, is deployed to improve the efficiency of data
transmission from K single-antenna IoT devices, denoted by
the set K Δ= {1, . . . , K}, to a single-antenna AP.1 Without loss
of generality, we focus on a typical energy-constrained IoT
scenario, where a certain amount of energy Ek Joule (J) for
device k is available at the beginning of each transmission
period. For example, the energy sources for each device can
be ambient energy sources (e.g., TV signals or a renewable
energy source) or dedicated WPT. Then, all the devices use
their available energy to transmit their own data to the AP in
the uplink. In addition, all devices and the AP are assumed to
operate over the same frequency band and the time duration
of each transmission period is denoted by Tmax. Furthermore,
let g ∈ CN×1, hr,k ∈ CN×1, and hd,k ∈ C denote the

1To unveil the potential benefits of the active IRS in energy-constrained
uplink communication systems for improving the sum throughput, we assume
that the AP is equipped with a single-antenna. Note that the AO principle in
this paper is also applicable to the case of multiple antennas at the AP. Specif-
ically, the optimal receive beamformers for the TDMA and NOMA schemes
are maximum ratio combiner [8] and minimum mean square error-based form
[36], respectively.
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equivalent baseband channels from the IRS to the AP, from
device k to the IRS, and from device k to the AP, respectively.
All the wireless channels are assumed to be quasi-static flat-
fading and thereby remain constant within each transmis-
sion period Tmax. To facilitate the fundamental performance
comparisons for different MA schemes, we assume that the
instantaneous CSI of all links is available by using channel
estimation techniques proposed in [41]. Specifically, the AP
first estimates the cascaded channels of devices-IRS-AP links
based on the pilot signals sent by the devices. Based on the
cascaded channel, the individual CSI of the device-IRS link
and the IRS-AP link can be further reconstructed at the AP by
using alternating least squares or vector approximate message
passing methods [41]. Then, the algorithm of optimizing the
IRS beamforming vectors and the related resource allocation
is executed at the AP based on the obtained CSI. Finally,
the AP sends the optimized IRS beamforming vectors and
resource allocation results to the IRS controller and devices,
respectively. Whether the active sensors are needed or not
depends on the specific channel estimation technique. We have
clarified that active sensors may not be needed with advanced
channel estimation methods [41].

B. TDMA and NOMA-Based Multiple Access

For a typical transmission period, each device can transmit
its own information signal to the AP. Furthermore, we propose
two data transmission setups depending on whether TDMA or
NOMA is used, as detailed below.

1) TDMA-Based Scheme: For the TDMA-based scheme, the
AP receives information signals from different devices, which
occupy orthogonal time slots (TSs). Let τk denote the time
duration of the k-th TS, which is allocated for device k. Thus,
we have

∑K
k=1 τk ≤ Tmax. In the k-th TS, a dedicated IRS

beamforming pattern, denoted by Φk = diag (φk,1, . . . , φk,N ),
is employed to reflect and amplify the transmitted signals.
In particular, the reflecting/amplfication coefficient of the n-th
element is denoted by φk,n = ak,nejθk,n , n ∈ N , where
ak,n and θk,n, θk,n ∈ [0, 2π), represent the corresponding
amplitude and phase. It is worth noting that ak,n can be greater
than 1 with active loads [31]. We denote the transmit power
and the information bearing signal of device k as pk and sk,
respectively, which satisfies E

{
|sk|2

}
= 1. In the k-th TS,

the signal reflected and amplified by the active IRS is given
by

yr,k = Φkhr,k
√

pksk + Φknr, k ∈ K, (1)

where nr ∈ CN×1 represents the thermal noise generated at
the active IRS, which is distributed as CN (0, σ2

rIN

)
. Note

that the active IRS amplifies both the incident signal and noise.
We denote the maximum amplification power of the active IRS
as Pr and thus we have [31]

E
[
‖yr,k‖2

]
=pk‖Φkhr,k‖2+σ2

r ‖Φk‖2
F ≤ Pr, k ∈ K. (2)

Additionally, the received signal at the AP in the k-th TS can
be expressed as

yk =
(
hd,kl

+gHΦkhr,k

)√
pksk+gHΦknr+n, k ∈ K, (3)

where n ∼ CN (0, σ2
)

denotes the additive white Gaussian
noise at the AP. As such, the sum achievable throughput of
the system in bits/Hz is given by

RTDMA =
K∑

k=1

τklog2

(
1 +

pk

∣∣hd,k + gHΦkhr,k

∣∣2
σ2 + σ2

r‖gHΦk‖2

)
. (4)

2) NOMA-Based Scheme: For the NOMA-based scheme,
all the devices transmit simultaneously to the AP. As such,
a common IRS beamforming pattern, denoted by Φ, is shared
by all devices. In this case, the signal reflected and amplified
by the active IRS is given by

yr = Φ
K∑

k=1

hr,k
√

pksk + Φnr. (5)

Correspondingly, we have the following IRS amplification
power constraint for the NOMA scheme

E
[
‖yr‖2

]
=

K∑
k=1

pk‖Φhr,k‖2 + σ2
r ‖Φ‖2

F ≤ Pr. (6)

The received signal at the AP can be further expressed as

y =
K∑

k=1

(
hd,k + gHΦhr,k

)√
pksk + gHΦnr + n. (7)

To mitigate the multiuser interference, successive interference
cancellation is performed at the AP. Taking device k as an
example, the AP will first decode the message of device i,
∀i < k, before decoding the message of device k. Then, the
message of device i, ∀i < k, will be subtracted from the
composite signal. The message received from device i, ∀i > k,
is treated as noise. Thus, the achievable sum throughput of all
devices can be written as [35]

RNOMA = τ log2

(
1 +
∑K

k=1

pk

∣∣hd,k + gHΦhr,k

∣∣2
σ2 + σ2

r‖gHΦ‖2

)
, (8)

where τ denotes the transmission time duration for all devices
and τ ≤ Tmax.

C. Problem Formulation

We aim to maximize the sum throughput2 of the considered
system by jointly optimizing the time allocation, the transmit
power of each device, and the active IRS beamforming. For
the TDMA-based scheme, the optimization problem can be

2The device fairness issue for TDMA can be addressed by reformulating its
associated optimization problem as a weighted sum throughput maximization
one. By varying the values of these weights, the system designer is able to
set different priorities and enforce certain notions of fairness among devices.
Moreover, it can be checked that the weights do not affect the algorithm
design in Section III-A. Therefore, we naturally assume that all the devices
are equally weighted in this paper without loss of generality.
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expressed as

max
{τk},{pk},{Φk}

K∑
k=1

τklog2

(
1+

pk

∣∣hd,k+gHΦkhr,k

∣∣2
σ2+σ2

r‖gHΦk‖2

)

(9a)

s.t. τkpk ≤ Ek, ∀k ∈ K, (9b)
K∑

k=1

τk ≤ Tmax, (9c)

τk ≥ 0, pk ≥ 0, ∀k ∈ K, (9d)

pk‖Φkhr,k‖2+σ2
r ‖Φk‖2

F ≤Pr, ∀k ∈ K.

(9e)

For problem (9), constraint (9b) ensures that the total energy
consumed at each device cannot exceed its available energy.
Constraints (9c) and (9d) are the total transmission time
constraint and the non-negative constraints on the optimization
variables, respectively, while constraint (9e) indicates that
the amplification power of the active IRS should not exceed
the maximum allowed power. Similarly, the optimization
problem associated with the NOMA-based scheme can be
formulated as3

max
τ,{pk},Φ

τ log2

(
1 +

K∑
k=1

pk

∣∣hd,k + gHΦhr,k

∣∣2
σ2 + σ2

r‖gHΦ‖2

)

(10a)

s.t. τpk ≤ Ek, ∀k ∈ K, (10b)

τ ≤ T, (10c)

τ ≥ 0, pk ≥ 0, ∀k ∈ K, (10d)
K∑

k=1

pk‖Φhr,k‖2 + σ2
r ‖Φ‖2

F ≤ Pr. (10e)

The above two problems (9) and (10) are all non-convex
since the optimization variables are closely coupled in the
objective function and constraints. Therefore, there are no
standard methods for solving such non-convex optimization
problems optimally in general. Moreover, it is worth noting
that the hidden structures of problems (9) and (10) are
fundamentally different. Specifically, in (10a) and (10e), the
common IRS beamforming pattern, i.e., Φ, is coupled with all
pk’s, while the transmit power of device k, i.e., pk, is only
coupled with its individual IRS beamforming pattern, i.e.,
Φk, in (9a) and (9e). These issues have non-trivial effects
on the algorithms design and performance comparison for the
optimal values of problems (9) and (10). In the next section,
by deeply exploiting inherent properties of the corresponding
optimization problems, we propose efficient algorithms to
obtain high-quality solutions for them and provide a fun-
damental performance comparison for the active IRS aided
TDMA and NOMA schemes.

3Note that the fairness of devices for the uplink NOMA scheme can be
guaranteed by allowing time-sharing among different decoding orders [42].
How to ensure the individual data rate for different devices is another interest-
ing problem for active IRS-aided energy-constrained NOMA communication
systems. Towards this end, it is very crucial to additionally design the decoding
order, IRS beamforming vector, and transmit power control at these devices,
which, however, is left for our future work.

III. INVESTIGATIONS ON ACTIVE IRS AIDED TDMA AND

NOMA SCHEMES

In this section, we study the active IRS aided TDMA and
NOMA schemes. By exploiting the specific structures of the
associated problems, two dedicated algorithms are proposed
for problems (9) and (10), respectively. Furhermore, we pro-
vide a theoretical performance comparison for the achievable
sum throughput of the active IRS aided TDMA and NOMA
schemes.

A. Proposed Algorithm for Active IRS Aided TDMA

For the TDMA-based scheme, the sum throughput maxi-
mization problem can be rewritten in a more tractable form as

max
{τk},{pk},{vk}

K∑
k=1

τklog2

(
1 +

pk

∣∣hd,k + vH
k qk

∣∣2
σ2 + σ2

rv
H
k Gvk

)

(11a)

s.t. (9b), (9c), (9d), (11b)

pkvH
k Hr,kvk+σ2

r‖vk‖2≤Pr, ∀k ∈ K,

(11c)

where vH
k = [φk,1, . . . , φk,N ], qk = diag

(
gH
)
hr,k, G =

diag
(
|[g]1|2, . . . |[g]N |2

)
, and Hr,k = diag

(∣∣[hr,k]1
∣∣2, . . .∣∣[hr,k]N

∣∣2). Generally, problem (11) is a non-convex opti-
mization problem and difficult to solve optimally due to the
non-concave objective function as well as coupled variables
in constraints (9b) and (11c). Different from the conven-
tional passive IRS-aided communication systems, the new
IRS amplification power constraint, i.e., constraint (11c),
is involved. As a result, the value of the amplification coef-
ficient at each element for the active IRS may be reduced as
the transmit power of each device, i.e., pk, increases, which
may weaken the effectiveness of the active IRS and thus has
negative effects on the sum throughput. Therefore, it is not
clear whether the energy of each device would be used up for
maximizing the sum throughput, i.e., (9b) is active or not at
the optimal solution, which motivates the following lemma.

Lemma 1: At the optimal solution of problem (11), con-
straint (9b) is always met with equality, i.e., τkpk = Ek.

Proof: Please refer to Appendix A.
Lemma 1 reveals that for the active IRS-aided energy-

constrained uplink communication system with TDMA, each
device will deplete all of its energy at the optimal solution,
i.e., constraint (9b) holds with equality. Thus, problem (11) is
equivalently simplified to the following

max
{τk},{vk}

K∑
k=1

τklog2

(
1 +

Ek

∣∣hd,k + vH
k qk

∣∣2
τk

(
σ2 + σ2

rv
H
k Gvk

)
)

(12a)

s.t. τk ≥ 0, ∀k ∈ K, (12b)
Ek

τk
vH

k Hr,kvk + σ2
r‖vk‖2 ≤ Pr, ∀k ∈ K.

(12c)

(9c). (12d)
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Note that by exploiting Lemma 1, constraint (11c) is trans-
formed into (12c), which is a convex constraint since Ek is a
constant. The remaining challenge for solving problem (12) is
the non-concave objective function. Nevertheless, we propose
an efficient algorithm to solve it, where all the variables are
optimized simultaneously. First, we introduce a set of slack
variables denoted by {Sk} and reformulate problem (12) as

max
{τk},{vk},{Sk}

K∑
k=1

τklog2

(
1 +

Sk

τk

)
(13a)

s.t. Sk ≤ Ek

∣∣hd,k + vH
k qk

∣∣2
σ2 + σ2

rvH
k Gvk

, ∀k ∈ K,

(13b)

(9c), (12b), (12c). (13c)

For the optimal solution of problem (13), constraint (13b)
is met with equality strictly since we can always increase
the objective value by increasing Sk until constraint (13b)
becomes active. Thus, problem (13) is equivalent to prob-
lem (12). However, constraint (13b) is still non-convex.
To deal with constraint (13b), we rewrite it into a more
tractable form as

σ2 + σ2
rv

H
k Gvk ≤ Ek

∣∣hd,k + vH
k qk

∣∣2
Sk

, ∀k ∈ K. (14)

It is observed that σ2 + σ2
rv

H
k Gvk is a convex quadratic

function of vk while the right-hand-side of (14) is jointly
convex with respect to vk and Sk. Recall that any convex
function is globally lower-bounded by its first-order Taylor
expansion at any feasible point, which motivates us to employ
the SCA technique to deal with the non-convexity of (14).
Specifically, for the given local point

{
v(l)

k , S
(l)
k

}
in the l-th

iteration, we have the following lower bound as

Ek

∣∣hd,k + vH
k qk

∣∣2
Sk

≥ 2Ek

S
(l)
k

Re
((

hd,k + vH
k qk

)H (
hd,k +

(
v(l)

k

)H

qk

))

−
Ek

∣∣∣∣hd,k +
(
v(l)

k

)H

qk

∣∣∣∣
2

(
S

(l)
k

)2 Sk
Δ= f lb

k (vk, Sk) . (15)

It can be readily checked that f lb
k (vk, Sk) is linear and convex

with respect to {vk, Sk}. As such, with the lower bound
in (15), constraint (13b) is transformed to

σ2 + σ2
rv

H
k Gvk ≤ f lb

k (vk, Sk) , ∀k ∈ K. (16)

Then, problem (13) can be approximated by

max
{τk},{vk},{Sk}

K∑
k=1

τklog2

(
1 +

Sk

τk

)
(17a)

s.t. (9c), (12c), (12d), (16), (17b)

which is a convex optimization problem. Thus, we can apply
existing standard convex optimization tools to successively

solve it optimally until the convergence is achieved. After con-
vergence, it can be guaranteed that a locally optimal solution
for original problem (11) can be obtained. The computational
complexity of this algorithm lies in solving problem (17) and
is given by O

(
(K (N + 2))3.5

IIter

)
, where IIter represents

the number of iterations required for convergence.

B. Proposed Algorithm for NOMA

For the active IRS-aided NOMA scheme, the sum through-
put maximization problem can be rewritten as

max
τ,{pk},v

τ log2

(
1 +

∑K
k=1 pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)
(18a)

s.t. (10b), (10c), (10d) (18b)
K∑

k=1

pkvHHr,kv + σ2
r‖v‖2 ≤ Pr, (18c)

where vH = [φ1, . . . , φN ]. Different from problem (11), all
devices share the same IRS beamforming vector in prob-
lem (18) and the common IRS beamforming vector v is
coupled with the transmit power of all devices in (18a)
and (18c). Thus, v cannot be flexibly adjusted for each
individual device and the amplification gains of the active
IRS may be locked if all devices transmit at their maximum
allowed power simultaneously. Furthermore, different from
the TDMA case, some devices may not use up all of their
energy at the optimal solution for the NOMA case. As such,
the algorithm proposed for problem (11) is not applicable to
the more challenging problem (18), which thus calls for the
new algorithm design. Problem (18) is generally intractable
due to the non-concave objective function and non-convex
constraints (10b) and (18c). To tackle the coupled variables
pk and τ in constraint (10b), we have the following lemma.

Lemma 2: At the optimal solution of problem (18), con-
straint (10c) is strictly met with equality, i.e., τ = Tmax.

Proof: We firstly define ek = pkτ and then the objective
function of problem (18) can be rewritten as

τ log2

(
1 +

∑K
k=1 ek

∣∣hd,k + vHqk

∣∣2
τ (σ2 + σ2

rvHGv)

)
. (19)

Suppose τ∗ is the optimal transmission time. Then, we show
that τ∗ = Tmax by contradiction as follows. Assume that
Ξ∗ = {τ∗, p∗k,v∗} achieves the optimal solution of prob-
lem (18) and τ∗ < Tmax. Then, we construct a different
solution Ξ̃ = {τ̃ , p̃k, ṽ}, where τ∗ < τ̃ ≤ Tmax, e∗k = τ̃ p̃k =
τ∗p∗k, and ṽ = v∗. It can be readily verified that {p̃k, ṽ} sat-
isfies constraint (18c) since p̃k ≤ p∗k. As such, the constructed
solution satisfies all the constraints in problem (18). Since (19)
is an increasing function with respect to τ and τ̃ > τ∗, we have

τ̃ log2

(
1 +

∑K
k=1 e∗k

∣∣hd,k + ṽHqk

∣∣2
τ̃ (σ2 + σ2

r ṽHGṽ)

)

> τ∗log2

⎛
⎜⎝1 +

∑K
k=1 e∗k

∣∣∣hd,k + v∗Hqk

∣∣∣2
τ∗ (σ2 + σ2

rv∗HGv∗)
⎞
⎟⎠ . (20)
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(20) indicates that the constructed solution Ξ̃ achieves a higher
objective value, which contradicts that the optimal τ∗ < Tmax.
This thus completes the proof.
Exploiting Lemma 2, problem (18) can be simplified to

max
{pk},v

Tmaxlog2

(
1 +

∑K
k=1 pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)

(21a)

s.t. pk ≤ Ek

Tmax
, ∀k ∈ K, (21b)

pk ≥ 0, ∀k ∈ K, (21c)

(18c). (21d)

The main challenges for solving problem (21) are the
non-concave objective function (21a) and the coupled variables
{pk,v} involved in constraint (21d), which motivates us to
apply the AO-based method to solve it. Specifically, we divide
all the variables into two blocks, i.e., 1) IRS beamforming
vector v, and 2) power control pk, and then each block of
variables is optimized in an iterative way, until convergence is
achieved.

1) IRS Beamforming Optimization: For any given transmit
power pk, the IRS beamforming vector optimization problem
is given by

max
v

Tmaxlog2

(
1 +

∑K
k=1 pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)
(22a)

s.t. (21d). (22b)

Let
∣∣hd,k + vHqk

∣∣2 =
∣∣v̄H q̄k

∣∣2, where v̄H =
[
vH , 1

]
and

q̄k =
[
qH

k , hH
d,k

]H
. Define Q̄k = q̄kq̄H

k , V̄ = v̄v̄H , which

needs to satisfy V̄ � 0, rank
(
V̄
)

= 1 and
[
V̄
]
N+1,N+1

= 1.
We thus have

K∑
k=1

pk

∣∣hd,k + vHqk

∣∣2 =
K∑

k=1

pkTr
(
Q̄kV̄

)
= Tr

(
Q̄V̄
)
,

(23)

where Q̄ =
∑K

k=1 pkQ̄k. Define Ḡ = diag (G, 0), H̄r,k =

diag (Hr,k, 0), and H̄r =
K∑

k=1

pkH̄r,k + σ2
rΠr, where Πr =

diag (1, . . . 1, 0). We further have

σ2 + σ2
rv

HGv = σ2 + σ2
rTr
(
ḠV̄

)
, (24)

pkvHHr,kv + σ2
r‖v‖2 = Tr

(
H̄rV̄

)
. (25)

As such, we can reformulate problem (22) in an equivalent
form as follows

max
V̄

Tr
(
Q̄V̄
)

σ2 + σ2
rTr
(
ḠV̄

) (26a)

s.t. Tr
(
H̄rV̄

) ≤ Pr, (26b)

V̄ � 0, (26c)[
V̄
]
N+1,N+1

= 1, (26d)

rank
(
V̄
)

= 1. (26e)

Problem (26) is still intractable due to the fraction form in
the objective function and the rank-one constraint. To tackle

this issue, we relax the rank-one constraint and apply the
Charnes-Cooper transformation to reformulate it as a linear
form as

max
V̄,t

Tr
(
Q̄V̄
)

(27a)

s.t. σ2
rTr
(
ḠV̄

)
+ tσ2 = 1, (27b)

Tr
(
H̄rV̄

) ≤ tPr, (27c)

t > 0, (27d)[
V̄
]
N+1,N+1

= t, (26c). (27e)

Lemma 3: By relaxing the rank-one constraint (37e) in
problem (26), problem (26) is equivalent to problem (27).

Proof: First, given any feasible solution
{
V̄
}

to
problem (26), it can be verified that with the solu-
tion

{
V̄
/(

σ2 + σ2
rTr
(
ḠV̄

))
, 1
/(

σ2 + σ2
rTr
(
ḠV̄

))}
, prob-

lem (27) achieves the same objective value as that of (26).
Then, given any feasible solution

{
V̄, t
}

to problem (27),
it can be similarly demonstrated that with the solution

{
V̄
/
t
}

,
problem (26) achieves the same objective value. As such,
problem (26) and (27) have the same optimal value. Lemma 3
is thus proved.

It can be readily verified that problem (27) is a convex
optimization problem, whose optimal solution can be effi-
ciently solved by the standard convex optimization techniques.
According to Lemma 3, we can solve problem (27) instead of
solving (26).

Remark 1: According to Theorem 3.2 in [43], we can
conclude that there always exists a optimal solution V̄∗ to
problem (27), satisfies the following constraint:

Rank2
(
V̄∗)+ Rank2 (t∗) ≤ 3. (28)

We note that Rank2 (t∗) = 1. Thus, we have Rank
(
V̄∗) = 1.

There always exists rank-one solution for problem (27).
Based on Remark 1, we can obtain the optimal rank-one

solution for problem (27), denoted by
{
V̄∗, t∗

}
. Thus, the

optimal solution for problem (26) is obtained as V̄∗/t∗.
By performing singular value decomposition (SVD) for
V̄∗/t∗, the optimal solution v∗ can be found for original
problem (22).

2) Power Control Optimization: For any given IRS beam-
forming vector v, the power control optimization problem is
given by

max
{pk}

∑K
k=1 pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv
(29a)

s.t. (21b), (21c), (21d). (29b)

Since the objective function and all constraints in (29) are
linear, problem (29) is a convex optimization problem, which
can be optimally solved by the standard convex optimization
methods.

3) Overall Algorithm and Computational Complexity Analy-
sis: Based on the solutions to the above two subproblems,
an efficient AO algorithm is proposed, where the IRS beam-
forming vector and power control are alternately optimized
until convergence is achieved. Note that the objective value
of problem (21) is non-decreasing by alternately optimizing
{v} and {pk}, thus the proposed AO algorithm is guaranteed
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to converge. The mainly computational complexity of this AO
algorithm lies from solving problems (27) and (29). Specifi-
cally, the computational complexity for solving problems (27)
and (29) is given by O

(
(N + 1)3.5

)
and O (K3.5

)
, respec-

tively. Therefore, the total complexity of the AO algorithm
is O

((
(N + 1)3.5 + K3.5

)
IAO

)
, where IAO denotes the

number of iterations required to reach convergence.
Remark 2: Note that the AO design principles are also

applicable to the problem formulation with the individual
signal-to-interference-plus-noise ratio (SINR) constraint of
each device. Without loss of generality, for device k, it is
assumed that the AP will first decode the message of device i,
∀i < k, before decoding the message of device k. Then, the
message of device i, ∀i < k, will be subtracted from the
received composite signal. Meanwhile, the offloading message
received from device i, ∀i > k, is treated as noise. As such,
under the SDP transformation, each device’s individual SINR
constraint can be expressed as

pkTr
(
Q̄kV̄

)
∑K

i=k+1 piTr
(
Q̄iV̄

)
+ σ2 + σ2

rTr
(
ḠV̄

) ≥ γk, ∀k, (30)

where γk is minimum SINR required by device k.
Constraint (30) can be equivalently transformed into

pkTr
(
Q̄kV̄

)
≥ γk

(
K∑

i=k+1

piTr
(
Q̄iV̄

)
+ σ2 + σ2

rTr
(
ḠV̄

))
, ∀k.

(31)

It can be easily verified that constraint (31) is convex with
respect to V̄ ({pk}) when {pk} (V̄) is fixed. Thus, the
principle of the proposed AO algorithm in this paper can
also be applicable to solve such a problem with each device’s
individual SINR constraint.

C. Active IRS Aided TDMA Versus NOMA

Compared to TDMA, NOMA is expected to achieve a
higher throughput in a conventional communication sys-
tem by allowing multiple devices simultaneously to access
the same spectrum. In our considered active IRS aided
energy-constrained IoT systems, each device can occupy its
dedicated IRS beamforming under the TDMA-based scheme,
while all the devices share the same IRS beamforming vector
under the NOMA-based scheme. As such, it is not clear which
MA scheme can achieve higher throughput. In this subsection,
we give some discussions about the performance comparison
for the active IRS aided TDMA and NOMA schemes.

To provide a comprehensive comparison for the active
IRS-aided TDMA and NOMA schemes, we introduce a special
case of the active IRS aided TDMA where only one beam-
forming vector is available for assisting uplink transmission,
which leads to the following problem formulation:

max
{τk},{pk},v

K∑
k=1

τklog2

(
1 +

pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)

(32a)

s.t. (9b), (9c), (9d), (32b)

pkvHHr,kv + σ2
r‖v‖2 ≤ Pr, ∀k ∈ K.

(32c)

By replacing vk by v in (15), our proposed SCA-based
algorithm in Section III-A can be directly extended to obtain
the suboptimal solution of problem (32). Intuitively, it seems
that constraint (18c) is tighter than (32c) in terms of the
transmit power. Thus, it may be expected that the optimal value
of problem (32) is no smaller than that of (18). However, the
result is counterintuitive as shown in the following proposition.

Proposition 1: Denote the optimal values of problem (18)
and (32) by R∗

NOMA and R
(lb)∗
TDMA, respectively, it follows that

R∗
NOMA ≥ R

(lb)∗
TDMA. (33)

If

p̃k

∣∣hd,k + ṽHqk

∣∣2 
= p̃j

∣∣hd,j + ṽHqj

∣∣2, ∃k, j ∈ K, (34)

R∗
NOMA > R

(lb)∗
TDMA holds, where {p̃k, ṽ} is the optimal

solution of problem (32).
Moreover, a sufficient condition for R∗

NOMA = R
(lb)∗
TDMA is

�
pk

�v
H
Hr,k

�v + σ2
r

∥∥∥�v
∥∥∥2 ≤ Pr, ∀k ∈ K, (35)

where
{

�
pk,

�v
}

is the optimal solution of problem (32) when
relaxing constraint (32c).

Proof: Please refer to Appendix B.
Proposition 1 implies that the active IRS aided NOMA

scheme achieves a no smaller sum throughput than its coun-
terpart of the TDMA scheme when only one beamforming
vector is available. This seems contradictory to the conclu-
sion of the previous work [30] in the passive IRS aided
energy-constrained scenario. The reason is that for an energy-
constrained system, the transmit power of each device under
the NOMA case is generally lower than that of the TDMA
case. This makes NOMA be able to reap larger amplification
gains of the active IRS compared to TDMA, which compen-
sates the performance loss induced by the low transmit power.
Based on Proposition 1, we give a sufficient condition for
that the active IRS aided TDMA scheme can achieve a higher
throughput than NOMA in the following theorem.

Theorem 1: Denote the optimal value of problem (11)
by R∗

TDMA. Then, (35) serves as a sufficient condition for
R∗

TDMA ≥ R∗
NOMA.

Proof: According to the results in Proposition 1, we have
R

(lb)∗
TDMA = R∗

NOMA when (35) is satisfied. Note that problem
(32) is a special case of problem (11) with vk = vj , ∀k, j ∈ K.
As such, the optimal solution of problem (32) is also one
feasible solution of problem (11), which yields R∗

TDMA ≥
R

(lb)∗
TDMA = R∗

NOMA. This thus completes the proof.
Note that considering the practical issue of the imperfect

SIC would definitely cause the performance loss for the
NOMA scheme. Our analytical result in Theorem 1 is still
applicable to the practical scenario with imperfect SIC.

Remark 3: Theorem 1 implies that the active IRS aided
TDMA scheme generally outperforms its counterpart with
NOMA due to more IRS beamforming vectors can be
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Fig. 2. The proposed general TDMA-NOMA scheme for active IRS-aided
uplink communications.

exploited for TDMA. The above two MA schemes strike a
balance between the throughput performance and the number
of optimization variables as well as the feedback signalling
overhead. Specifically, the TDMA-based scheme requires the
AP to optimize and feedback KN IRS reflection coefficients
(including both amplitudes and phase shifts) to the IRS, which
increases linearly with the number of devices, while these
required for the NOMA-based scheme is N . Therefore, the
signaling overhead for TDMA in such an overloaded scenario
is much heavier than that of NOMA. This motivates us to
propose a more flexible scheme to fully harness the maximum
performance gain of the active IRS with controllable signaling
overhead and complexity, elaborated in the next section.

IV. AN OVERHEAD-AWARE HYBRID

TDMA-NOMA SCHEME

Motivated by the discussions in the previous section,
we develop a more general hybrid TDMA-NOMA-based
uplink transmission scheme in this section for fully exploit-
ing the tradeoff between the throughput performance and
signalling overhead.4

A. Problem Formulation for General Hybrid TDMA-NOMA
Scheme

The detailed transmission protocol is illustrated in Fig. 2.
Without loss of generality, we assume that the IRS beam-
forming vectors can be reconfigured L − 1 times during
the transmission period, corresponding to L available IRS
beamforming vectors, i.e., vl, l ∈ L = {1, . . . L}. We further
partition K devices into L disjoint groups equally and the
set of devices in l-th group is denoted by Kl with size
Kl = K/L. Furthermore, the devices in different groups
transmit in different TSs, while the devices in the same group
transmit simultaneously employing NOMA. Specifically, each
device kl, kl ∈ Kl, will transmit in the l-th TS with the
aid of IRS beamforming vector vl and the time duration
for the l-th TS is denoted by τl. Accordingly, the system
sum throughput maximization problem by jointly optimizing
the IRS beamforming vector, the transmit power, the time

4The signalling overhead in this paper specifically refers to the feedback
overhead incurred by sending the IRS reflection coefficients from the AP to
the IRS.

allocation, and the device grouping, can be formulated as

max
{τl},{pkl},{vl},Kl

L∑
l=1

τllog2

(
1+
∑

kl∈Kl

pkl

∣∣hd,kl
+vH

l qkl

∣∣2
σ2+vH

l Gvl

)

(36a)

s.t. τlpkl
≤ Ekl

, ∀l ∈ L, ∀kl ∈ Kl, (36b)
L∑

l=1

τl ≤ Tmax, (36c)

τl ≥ 0, pkl
≥ 0, ∀l ∈ L, ∀kl ∈ Kl,

(36d)∑
kl∈Kl

pkl
vH

l Hr,kl
vl + σ2

r‖vl‖2

≤ Pr, ∀kl ∈ Kl. (36e)

It is worth noting that problem (36) is equivalent to (9)
when L = K . In addition, when L = 1, it can be verified that
problem (36) is equivalent to (10). As such, both standalone
TDMA and NOMA-based schemes are special cases of the
proposed hybrid TDMA-NOMA-based scheme. By controlling
the number groups, i.e., L, the proposed hybrid MA scheme
can be applicable for any given number of IRS beamforming
vectors imposed by the practical systems and operate in an
overhead-aware manner.

It has been shown in [44] that the user grouping plays a
critical role in determining the overall uplink hybrid NOMA
system performance. In a hybrid NOMA system with-
out IRS, the user grouping can be performed based on
their channel conditions. However, for our considered active
IRS-aided energy-constraint uplink systems, the device group-
ing becomes more complicated, as the concatenated chan-
nel quality, namely pkl

∣∣hd,kl
+ vH

l qkl

∣∣2/(σ2 + vH
l Gvl

)
depends not only on hd,kl

but also on the coupled opti-
mization variables (i.e., vl and pkl

). The highly challenging
device grouping design controlled by the IRS beamforming
vectors makes problem (36) intractable. To make it tractable,
we handle this problem in two steps, i.e., obtaining the
device grouping set and solving a throughput maximization
problem under the obtained device grouping set. It is worth
noting that the optimal device grouping can be obtained
through the exhaustive searching. Unfortunately, this method
is exponential with respect to the number of devices and is
computationally prohibitive in an overloaded scenario.

B. Device Grouping Strategy

To further reduce the computational complexity of the
exhaustive searching, we develop a computationally efficient
device grouping method by taking into account both the
combined channel quality and the available energy of each
device. The key idea is to decouple the devices’ influence on
each other in the same group. Specifically, we introduce the
concept of the trading signal-to-noise ratio (SNR) to measure
the equivalent channel conditions of all devices. The trading
SNR of device k is mathematically defined as

ηk =
Ek

∣∣hd,k + vH
k qk

∣∣2
Tmax

(
σ2 + vH

k Gvk

) , ∀k ∈ K. (37)
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Then, the optimal values of all devices’ trading SNR can be
obtained by solving K optimization problems in parallel as
follows

max
vk

Ek

∣∣hd,k + vH
k qk

∣∣2
Tmax

(
σ2 + vH

k Gvk

) (38a)

s.t.
Ek

T
vH

k Hr,kvk + σ2
r‖vk‖2 ≤ Pr. (38b)

Note that problem (38) can be solved optimally by applying
Charnes-Cooper transformation-based SDP technique, which
is omitted here for brevity. The optimal value for device k’s
trading SNR is denoted by η∗

k . Then, we order K devices in
the ascending order of the optimal target SNR η∗

k. Without
loss of generality, we assume that η∗

1 ≤ η∗
2 ≤ . . . ≤ η∗

K . The
results in [44] indicate that maintaining the smallest overall
channel strength difference among different device groups
is beneficial for improving the sum throughput of a hybrid
NOMA system. As such, the device grouping is performed
based on the criterion of letting the trading SNR differences
among the devices in the same group as large as possible.
We obtain the device groups as follows

Kl =
{
ul, ul+L, . . . ul+(Kl−1)L

}
, l ∈ L (39)

where uk represents device k.

C. Optimization Under Given Device Grouping

Note that the non-convex problem (36) is more challenging
to solve than problems (11) and (18). Specifically, different
from problem (11) that each device can occupy a dedicated
IRS beamforming vector or problem (18) that all devices share
the same IRS beamforming vector. As such, Lemma 1 and
Lemma 2 can not be applied here to simplify the problem.
To handle this issue, we extend the AO-based framework to
solve such a problem by partitioning the entire optimization
variables into two blocks, but with the different elements in
each block, namely, {τl, pkl

} and {vl}, for updating alternat-
ingly. Next, we respectively solve the above two blocks.

1) Optimizing {τl, pkl
}: For the given block {vl}, the

subproblem for optimizing {τl, pkl
} is still a non-convex

optimization problem due to the coupled variables τl and pkl

in constraint (36b) and the non-concave objective function.
We apply a change of variables as ekl

= τlpkl
and rewrite the

subproblem in an equivalent form as follows

max
{τl},{ekl}

L∑
l=1

τllog2

(
1+
∑

kl∈Kl

ekl

∣∣hd,kl
+vH

l qkl

∣∣2
τl

(
σ2+vH

l Gvl

)
)

(40a)

s.t. ekl
≤ Ekl

, ∀l ∈ L, ∀kl ∈ Kl, (40b)

τl ≥ 0, ekl
≥ 0, ∀l ∈ L, ∀kl ∈ Kl, (40c)∑

kl∈Kl

ekl
vH

l Hr,kl
vl + σ2

rτl‖vl‖2

≤ Prτl, ∀l ∈ L, (40d)

(36c). (40e)

It can be readily checked that objective function (40a) is
concave and all constraints in problem (40) are convex.
Therefore, problem (40) is convex and its optimal solution can

be efficiently obtained by using standard convex optimization
solvers such as CVX.

2) Optimizing {vl}: For the given {τl, pkl
}, it is observed

that optimization variables with respect to different groups
are separable in both the objective function and constraints.
Thus, the resultant problem with respect to {vl} can be
addressed by solving L independent subproblems in parallel,
each with only one single constraint. Specifically, for group
l, the corresponding subproblem with respect to vl’s, ∀l ∈ L,
is reduced to

max
vl

∑
kl∈Kl

pkl

∣∣hd,kl
+ vH

l qkl

∣∣2
σ2 + vH

l Gvl
(41a)

s.t.
∑

kl∈Kl

pkl
vH

l Hr,kl
vl + σ2

r‖vl‖2 ≤ Pr.

(41b)

Since problem (41) has the same form as that of problem (22),
it can be similarly solved optimally by applying the Charnes-
Cooper transformation-based SDP technique and the details
are thus omitted for brevity.

Similar to the discussions in Section III-B, the computa-
tional complexity of the AO algorithm for solving problem
(36) is given by O

((
L3.5(N + 1)3.5 + (2L)3.5

)
IAO

)
.

V. NUMERICAL RESULTS

In this section, we provide numerical results to validate
the effectiveness of the proposed schemes and to draw useful
insights into active IRS-aided energy-constrained IoT systems.
The AP and the active IRS are located at (0, 0, 0) meter
(m) and (xIRS, 0, 4) m, respectively, and the devices are
uniformly and randomly distributed within a radius of 5 m
centered at (xD, 0, 4) m. The path-loss exponents of both the
IRS-device and AP-IRS links are set to 2.2, while those of the
AP-device links are set to 3.4 [26]. In addition, we assume that
the AP-device link, the AP-IRS link, and the IRS-device link
follow Rayleigh fading. The signal attenuation at a reference
distance of 1 m is set as 30 dB. The other parameters are set
as follows: N = 50, T = 0.1 s, Ek = Em, ∀m 
= k, xIRS = 0,
xD = 30 m, and σ2 = σ2

r = −75 dBm [31].
The initializations of our proposed algorithms are as fol-

lows. For the TDMA scheme, the initial time allocation, {τk},
is obtained by letting τk = Tmax/K, ∀k ∈ K. Each element of
the IRS beamforming vector for device k, k ∈ K, is initialed
as [vk]n = ej(arg([qk]n)+arg(hd,k)). For the NOMA scheme,
the initial transmit power for each device, {pk}, is obtained
by letting pk = Ek/Tmax, ∀k ∈ K and then the initial IRS
beamforming vector can be obtained by solving problem (22)
under the initialized transmit power. Similarly, for the hybrid
TDMA-NOMA scheme, the initial time allocation, {τl}, and
the initial transmit power, {pk}, are obtained by letting τl =
Tmax/L, ∀l ∈ L, and pk = EkL/Tmax, ∀k ∈ K. Then, the
initial IRS beamforming vectors, {vl}, can be obtained by
solving problem (41).

A. Performance Comparison for TDMA and NOMA-Based
Schemes

In this subsection, we compare two types of MA schemes,
i.e., TDMA and NOMA, in terms of the sum throughput

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on March 27,2023 at 09:55:48 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: ACTIVE IRS AIDED MULTIPLE ACCESS FOR ENERGY-CONSTRAINED IoT SYSTEMS 1687

Fig. 3. Performance comparison for active IRS aided TDMA and NOMA.

in Fig. 3. Specifically, the sum throughput of the TDMA
and NOMA schemes versus the number of devices K is
presented in Fig. 3(a) under different values of Pr and the
corresponding percentage improvement provided by TDMA
over NOMA is presented in Fig. 3(b). For the TDMA-based
scheme, we observe that the sum throughput increases as
K increases. This is expected since scheduling one more
device would always result in a higher sum throughput, which
verifies our analysis in Lemma 1. While for the NOMA-based
scheme, the sum throughput increases slowly or remains at an
almost constant value with the increase of K . Since all the
devices share the common IRS beamforming vector for data
transmission in the NOMA case, the amplification coefficients
of the active IRS will be restricted due to (10e) as more devices
are scheduled to transmit simultaneously. To fully unleash the
potential amplifying capability of the active IRS, some devices
may not be scheduled or transmit at its maximum power for
maximizing the sum throughput, which renders that the sum
throughput increases slowly with K for the NOMA-based
scheme.

Moreover, it is observed that for K ≥ 2, the TDMA-based
scheme always outperforms its NOMA-based counterpart and
the performance gap becomes more pronounced with the
increase of K . This is because the TDMA-based scheme
can enjoy more degrees of freedom to flexibly adjust each
device’s dedicated IRS beamforming vector for further boost-
ing the sum throughput compared to NOMA. As such, the
TDMA-based scheme may be more preferable for the active
IRS aided system at the cost of extra signalling overhead.

B. Performance Comparison for Active IRS or Passive IRS

In this subsection, we provide performance comparisons
for the active IRS and passive IRS-aided energy-constrained
IoT systems under different setups. For the passive IRS-
aided system, we employ the algorithm proposed in [26] for
obtaining the sum throughput of the TDMA-based scheme
since it can characterize the upper bound performance of the
passive IRS architecture in our considered scenarios. It is
worth noting that the total energy consumption in active IRS
aided systems is higher than that in passive IRS aided systems
since the additional power is consumed at the active IRS
for amplifying the signals. Therefore, it is fair to compare

Fig. 4. Sum throughput versus the number of IRS elements with Ek = 0.01J
and K = 10.

them under the same total energy budget. To this end, the
additional energy consumed by the active IRS is equally added
to the available energy at each device in a passive IRS aided
energy-constraint IoT system, to guarantee the two systems
consuming the same amount of total energy.

1) Impact of Number of IRS Elements: In Fig. 4, we plot
the system sum throughput versus the number of IRS elements
N for both Pr = 0 dBm and Pr = −10 dBm. It is
observed that the sum throughput of all the schemes monoton-
ically increases with N since more reflecting/amplfication
elements help achieve higher IRS beamforming gains, which
is beneficial for improving the power of the received signals.
Moreover, one can observe that even exploiting the active
IRS for the NOMA-based transmission (i.e., one active beam-
forming vector) can achieve significant gains over employ-
ing passive IRS for the TDMA-based transmission (i.e., K
passive beamforming vectors) in terms of the system sum
throughput. Considering the TDMA-based scheme relies on
more IRS beamforming adjustments, the result indicates that
incorporating the active IRS into IoT systems leads to a higher
throughput with lower signalling overhead compared to the
passive IRS. In addition, the performance gap between the
two types of IRS architectures is more pronounced in the low
N regime. Note that to achieve 10 bps/Hz throughput, the
required number of IRS elements is reduced from 90 to
10 via replacing the passive IRS by the active IRS, which
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Fig. 5. Energy efficiency versus the number of IRS elements with Ek =
0.01J and K = 10.

indicates that the required number of IRS elements can be
greatly reduced when employing the active IRS. The reason
is that the value of the amplification coefficient at each
element becomes larger when reducing the number of IRS
elements. The higher amplification coefficient can effectively
compensate the performance loss induced by reducing the
number of IRS elements.

To further investigate the performance of active IRS aided
systems, we also plot the system energy-efficiency (bits/J/Hz)
versus N in Fig. 5. The energy-efficiency for both the active
IRS aided TDMA and NOMA schemes in our considered setup
is defined as [45]

EEactive
TDMA/NOMA =

RTDMA/NOMA

PrTmax +
∑K

k=1 Ek + NPITmax

, (42)

where PI = 2 mW is the circuit power required to support
one IRS element [45]. By setting Pr = 0 in (42), the energy
efficiency of the system with the conventional passive IRS
can be obtained. It is observed that the energy efficiency of the
active IRS still outperforms that of the conventional active IRS.
The result is expected since the additional energy consumption
of the active IRS over the passive IRS is actually negligible
in our considered setup. Moreover, one can observe that
deploying more active IRS elements would degrade the system
energy efficiency since more energy needs to be consumed to
support a large number of IRS elements. The result suggests
that only a small number of active IRS elements is needed
to guarantee the throughput performance for achieving green
communications.

2) Impact of Distance Between AP and Device Center: In
Fig. 6, we investigate the coverage performance of our consid-
ered active IRS-aided systems, by plotting the sum throughput
versus the distance between the AP and the center of devices
cluster under the Rayleigh fading and Nakagami-m fading with
m = 2, respectively. It is observed that the sum throughput of
all the considered schemes decreases as the distance increases
under our considered two channel fading models. However,
for both TDMA and NOMA cases, the decreasing rate of
the active IRS-aided systems is much slower than that of the
passive IRS-aided systems. The reason is that the power of
the incident signals at each IRS element becomes smaller

as the transmission distance increases, this rendering the
maximum allowed amplification coefficient at each element
of the active IRS to become larger. The larger amplification
coefficient can effectively compensate the performance loss
induced by increasing the transmission distance. Thus, the
transmission coverage increases significantly by deploying the
active IRS. This phenomenon demonstrates the effectiveness
of the active IRS for achieving coverage extension compared
to that of the conventional passive IRS.

3) Impact of Available Energy Ek: In Fig. 7, we study the
impact of the available energy on our considered systems,
by plotting the sum throughput versus the available energy
at each device. From Fig. 7, it is observed that the active
IRS can significantly improve the sum throughput as compared
to the case of the passive IRS, especially when the available
energy at each device is low. This is because the power of the
incident signal at each IRS element becomes smaller when the
available energy at each device is low. As such, the maximum
allowed amplification coefficient at each element of the active
IRS becomes larger, which compensates the performance loss
caused by the low available energy at devices. It implies that
the active IRS is a more promising architecture for supporting
multiple low-energy devices compared to the conventional pas-
sive IRS. In addition, the sum throughput of active IRS-aided
systems for the case of Pr = −20 dBm is less sensitive to
Ek compare to that of Pr = 0 dBm. The reason is that the
lower value of Pr would limit the amplification amplitude at
each IRS element especially when the transmit power of each
device is high.

4) Impact of Deployment: In Fig. 8, the sum throughput
versus the x-coordinate of the IRS xIRS is plotted to demon-
strate the impact of the IRS deployment on the performance
of our considered systems. For conventional passive IRS-aided
systems, it was shown in [6] that the IRS should be deployed
in the close proximity to the AP or the device. While for
the active IRS, it can be observed that the sum throughput
decreases significantly when moving the IRS farther from the
AP for both TDMA and NOMA cases. This is because the
received signal power at the IRS gets stronger as the IRS
comes closer to the devices (transmitters), which greatly limits
the amplification gains at IRS elements. The main bottleneck
restricting the performance becomes the deep fading of the
IRS-AP link in this case. This phenomenon implies that for the
active IRS, it is better to deploy it close to the AP (receiver).
Additionally, the results indicate that different MA schemes
have no impact on the deployment of the active IRS. Moreover,
one can observe that the performance of active IRS-aided
systems is even worse than that of the passive IRS if the
position of the IRS is not properly selected, which highlights
the importance of the active IRS deployment to unlock its full
potential in maximizing the sum throughput.

C. Performance Evaluation for Hybrid MA Schemes

In this subsection, we provide numerical results for evalu-
ating the performance of our proposed hybrid TDMA-NOMA
scheme in terms of the sum throughput under different setups.

1) Evaluation of Proposed Device Grouping Scheme:
Before discussing the system performance of the hybrid
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Fig. 6. Sum throughput versus the distance between AP and device center with Ek = 0.01J and K = 10.

Fig. 7. Sum throughput versus the available energy Ek with K = 10.

Fig. 8. Sum throughput versus the location of IRS with Ek = 0.01J and
K = 10.

TDMA-NOMA scheme, we first provide performance eval-
uation for our proposed device grouping scheme. Specifically,
we compare the following two cases: 1) “Exhaustive search-
ing” denotes the case where the optimal device grouping set
is obtained through exhaustive search; 2) “Proposed scheme”
denotes the the obtained results based on the proposed device
grouping scheme in Section IV-B. As shown in Fig. 9, it can
be observed that the performance loss of our proposed device
grouping scheme is negligible compared to the results obtained

Fig. 9. Performance evaluation of proposed device under grouping scheme
Ek = 0.01J and K = 6.

Fig. 10. Performance evaluation for hybrid MA schemes with Ek = 0.01J
and K = 12.

by exhaustively searching, which demonstrates the effective-
ness of our proposed scheme.

2) Throughput Evaluation for Hybrid MA Schemes: In
Fig. 10, we evaluate the performance of the hybrid
TDMA-NOMA scheme, by plotting the system sum through-
put versus the number of IRS elements under the different
number of device groups, i.e., L. It is observed that the sum
throughput achieved by our proposed algorithm increases as L
increases. The results are expected since exploiting more IRS
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beamforming vectors is indeed beneficial for the throughput
improvement of our considered energy-constrained IoT sys-
tems. Furthermore, one can observe that the performance gap
between L = 6 and L = 12 is slight (less than 5%). Note
that the number of IRS beamforming coefficients to be sent
from the AP to the IRS controller is given by LN . By setting
two devices in each group, the signalling overhead can be
reduced by 50% compared to the TDMA-based scheme at
the cost of slight performance loss, which renders the hybrid
TDMA-NOMA scheme a promising approach to balance
the performance-overhead tradeoff. Finally, we observe that
the active IRS aided system employing NOMA significantly
outperforms that of the passive IRS-aided system employing
TDMA while maintaining lower signalling overhead, which
highlights the potential benefits of active IRS architectures
for achieving both the higher throughput and lower signaling
overhead compared to the conventional passive IRS.

VI. CONCLUSION

Considering different MA schemes, we investigated an
active IRS aided energy-constrained IoT system to maximize
the sum throughput by jointly optimizing IRS beamforming
vectors and resource allocation. Specifically, we first stud-
ied a couple of MA schemes, namely TDMA and NOMA.
By deeply exploiting inherent properties of their associated
optimization problems, we proposed two dedicated algorithms
to solve them efficiently. Moreover, the theoretical perfor-
mance comparison for the active IRS aided TDMA and
NOMA schemes was provided. The results demonstrate that
TDMA can potentially achieve a higher throughput than that of
NOMA at the cost of more IRS beamforming vectors. Aiming
at providing high flexibility in balancing the performance
and signalling overhead tradeoff, we further develop a novel
hybrid TDMA-NOMA scheme, which is applicable for any
given number of IRS beamforming vectors available. The
AO-based algorithm was extended to solve its associated sum
throughput maximization problem. Numerical results validated
our theoretical findings and unveiled the effectiveness of the
active IRS architecture over the conventional passive IRS in
terms of extending coverage range, reducing the requirement
of reflecting elements, and supporting multiple low-energy IoT
devices. Moreover, using the hybrid TDMA-NOMA scheme
for assisting data transmission can be a practically appealing
approach for flexibly balancing performance-overhead trade-
off, especially for IoT networks with practically large number
of devices.

The results in this paper can be further extended by consid-
ering imperfect SIC for the NOMA scheme, multiple antennas
at the AP, imperfect CSI with robust transmission design, and
the optimization of the energy efficiency, etc, which will be
left for our future work.

APPENDIX A: PROOF OF LEMMA 1

We first prove that all devices will be scheduled at the
optimal solution, i.e., τ∗

k > 0, ∀k. We show it by contradiction.
Suppose that Ξ∗ = {τ∗

k , p∗k,v∗
k} achieves the optimal solution

of problem (11) and there exists a device j who will not be

scheduled, i.e., τ∗
j = 0. Then, we construct a different solution

Ξ̃ = {τ̃k, p̃k, ṽk}, where ṽk = v∗
k (k 
= j), ṽj = 0, and

τ̃k =

⎧⎪⎨
⎪⎩

τ∗
k , k 
= j, k 
= m, k ∈ K,

τ∗
k − Δτk, k = m, m ∈ K,

Δτk, k = j, j ∈ K,

(43)

p̃k =

{
p∗k, k 
= j, k ∈ K,

Ej

Δτm
, k = j, j ∈ K, m ∈ K.

(44)

It can be readily verified that the newly constructed solution
Ξ̃ is also a feasible solution for problem (11) since it satisfies
all the constraints therein. Since the solutions regarding the
transmit power, the time allocation, and beamforming vector
for any device k 
= j, k 
= m remain unchanged in Ξ∗ and Ξ̃,
we only need to compare the throughput contributed by device
j and device m for the corresponding two solutions. For the
solution Ξ∗, we have

R∗
m+R∗

j = (τ∗
m−Δτm) log2

(
1+

pm

∣∣hd,k + vH
mqm

∣∣2
σ2+σ2

rvH
mGvm

)

+ Δτmlog2

(
1+

pm

∣∣hd,k + vH
mqm

∣∣2
σ2 + σ2

rvH
mGvm

)
. (45)

For the newly constructed solution Ξ̃, we have

R̃m + R̃j = (τ∗
m − Δτm) log2

(
1 +

pm

∣∣hd,k + vH
mqm

∣∣2
σ2 + σ2

rvH
mGvm

)

+ Δτmlog2

(
1 +

Ej

Δτm
|hd,j|2

)
. (46)

For a given positive value

ε =
Ej

(
σ2 + σ2

rv
H
mGvm

) |hd,j|2
pm|hd,k + vH

mqm|2 , (47)

it can be easily verified that R̃m + R̃j > R∗
m + R∗

j when
Δτm < ε. This means that the newly constructed solution Ξ̃
achieves a higher throughput than Ξ∗, which contradicts the
assumption that Ξ∗ is the optimal solution. As such, we have
τ∗
k > 0, ∀k.

We next prove p∗k = Ek/τ∗
k by contradiction. Suppose that

{p∗k,v∗
k} is the optimal transmit power and IRS beamforming

vector for device k and p∗k< Ek/τ∗
k . We can always construct

a new solution denoted by {p̃k, ṽk} which satisfies p∗k < p̃k ≤
Ek/τ∗

k and ṽk =
√

p∗k/p̃kv∗
k. It can be readily verified that

p̃kṽH
k Hr,kṽk + σ2

r‖ṽk‖2

< p∗kv
∗H
k Hr,kv∗

k + σ2
r‖v∗

k‖2 ≤ Pr, (48)

which indicates that {p̃k, ṽk} is feasible for problem (11).
We further compare the objective values for the two solutions,
namely {p∗k,v∗

k} and {p̃k, ṽk}, as follows

p∗k
∣∣hd,k + v∗H

k qk

∣∣2
σ2 + σ2

rv∗H
k Gv∗

k

(a)
<

p̃k

∣∣hd,k + ṽH
k qk

∣∣2
σ2 + σ2

r ṽH
k Gṽk

, (49)

where inequality (a) holds due to p∗k|hd,k|2 < p̃k|hd,k|2,
p∗kRe

(
hd,kv∗H

k qk

)
< p̃kRe

(
hd,kṽH

k qk

)
, p∗k

∣∣v∗H
k qk

∣∣2 =
p̃k

∣∣ṽH
k qk

∣∣2, and v∗H
k Gv∗

k > ṽH
k Gṽk . This means that the
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newly constructed solution {p̃k, ṽk} achieves a higher objec-
tive value than that of {p∗k,v∗

k}, which contradicts the assump-
tion that {p∗k,v∗

k} is optimal. Thus, the optimal transmit power
satisfies p∗k = Ek/τ∗

k , ∀k.

APPENDIX B: PROOF OF PROPOSITION 1

To prove Proposition 1, we first introduce a pair of problem
formulations corresponding to problem (18) and (32) without
constraints (18c) and (32c) as follows, respectively,

max
τ,pk,v

τ log2

(
1 +

∑K
k=1 pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)
(50a)

s.t. (10b), (10c), (10d). (50b)

max
τk,pk,v

K∑
k=1

τklog2

(
1 +

pk

∣∣hd,k + vHqk

∣∣2
σ2 + σ2

rvHGv

)
(51a)

s.t. (9b), (9c), (9d). (51b)

The optimal values of problem (50) and (51) are denoted
by Rub

NOMA and Rub
TDMA, respectively. Firstly, we can prove

Rub
TDMA = Rub

NOMA by showing Rub
TDMA ≤ Rub

NOMA and
Rub

TDMA ≥ Rub
NOMA.

The procedure starts by showing that Rub
TDMA ≤ Rub

NOMA.
For problem (51), the optimal transmit power of each device,
denoted by �

pk, can be expressed as �
pk = Ek/τk, because each

device will deplete all of its energy. To this end, we discuss
some properties about the optimal time allocation for prob-
lem (51), i.e., �

τ k. Given the optimal IRS beamforming vector
v = �v, problem (51) can be simplified by optimizing τk as
follows

max
τk

K∑
k=1

τklog2

⎛
⎜⎝1 +

Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
τk

(
σ2 + σ2

r
�v

H
G�v
)
⎞
⎟⎠ (52a)

s.t. (9c). (52b)

Note that problem (52) is a convex optimization problem and
its Lagrangian function is

L (τk, λ) =
K∑

k=1

τklog2

⎛
⎜⎝1 +

Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
τk

(
σ2 + σ2

r
�v

H
G�v
)
⎞
⎟⎠

+ λ

(
Tmax −

K∑
k=1

τk

)
, (53)

where λ ≥ 0 is the dual variable associated with (52b).
According to Karush-Kuhn-Tucker (KKT) conditions, we have

∂L (τk, λ)
∂τk

= Γ (Υk) Δ= log2 (1 + Υk) − Υk

(1 + Υk) ln 2
− λ = 0,

(54)

where

Υk =
Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
τk

(
σ2 + σ2

r
�v

H
G�v
) , (55)

can be regarded as the received signal-to-noise ratio (SNR) of
device k. Since Γ (Υk) is an increasing function with respect
to Υk and Γ (0) ≤ 0, equation Γ (Υk) = 0 has a unique
solution, which implies that all devices share the same SNR
at the optimal solution, i.e.,

Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
�
τ k

(
σ2 + σ2

r
�v

H
G�v
) =

Ej

∣∣∣hd,k + �v
H
qj

∣∣∣2
�
τ j

(
σ2 + σ2

r
�v

H
G�v
) , ∀k, j ∈ K.

(56)

As such, the optimal value of problem (51) can be written as

Rub
TDMA = �

τ log2

⎛
⎜⎝1 +

∑K
k=1 Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
�
τ
((

σ2 + σ2
r

�v
H
G�v
))

⎞
⎟⎠ , (57)

where �
τ =

∑K
k=1

�
τ k. It can be verified that{

τ = �
τ , pk = Ek

/
�
τ ,v = �v

}
is one feasible solution

for problem (50), which yields Rub
TDMA ≤ Rub

NOMA.
Next, we show that Rub

TDMA ≥ Rub
NOMA. For problem (50),

it can be easily shown that each device will deplete all of
its energy and thus the optimal solution of problem (50)
is denoted by

{
τ = �

τ , pk = Ek

/
�
τ ,v = �v

}
. Based on the

optimal solution of problem (50), we can always construct
a new solution, which satisfies �

τ =
∑K

k=1
�
τ k and �

pk =
Ek

/
�
τ k, so that all devices share the same received SNR in

the TDMA scheme, i.e.,

Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
�
τ k

(
σ2 + σ2

r
�v

H
G�v
) =

Ej

∣∣∣hd,k + �v
H
qj

∣∣∣2
�
τ j

(
σ2 + σ2

r
�v

H
G�v
) , ∀k, j ∈ K.

(58)

Note that
{
τk = �

τ k, pk = Ek

/
�
τ k,v = �v

}
is also feasible

for problem (51) and always exists, which yields

Rub
NOMA =

K∑
k=1

�
τ klog2

⎛
⎜⎝1 +

Ek

∣∣∣hd,k + �v
H
qk

∣∣∣2
�
τ k

(
σ2 + σ2

r
�v

H
G�v
)
⎞
⎟⎠ . (59)

Thus, at the optimal solution of problem (51), it follows that
Rub

TDMA ≥ Rub
NOMA.

Given Rub
TDMA ≤ Rub

NOMA and Rub
TDMA ≥ Rub

NOMA,
we have Rub

TDMA = Rub
NOMA. Regarding their optimal solu-

tions, we have �
τ =

∑K
k=1

�
τ k, �v = �v, and �

ek = �
ek,

where �
ek = �

τ
�
pk and �

ek = �
τ k

�
pk. Then, we add constraints

(18c) and (32c) in problems (50) and (51), respectively, which
correspondingly results in problems (18) and (32). By letting
ek = τpk in problem (18) and ek = τkpk in problem (32),
constraints (18c) and (32c) can be equivalently rewritten as

K∑
k=1

ekvHHr,kv + τσ2
r‖v‖2 ≤ Prτ, (60a)

ekvHHr,kv + τkσ2
r‖v‖2 ≤ Prτk, ∀k ∈ K. (60b)

For any feasible solution {τ̃k, ẽk, ṽ} for problem (32), we have
K∑

k=1

τ̃klog2

(
1 +

ẽk

∣∣hd,k + vHqk

∣∣2
τ̃k (σ2 + σ2

rvHGv)

)
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(a)

≤
K∑

k=1

τ̃klog2

(
1 +

∑K
k=1 ẽk

∣∣hd,k + vHqk

∣∣2∑K
k=1 τ̃k (σ2 + σ2

rvHGv)

)

= τ̃ log2

(
1 +

∑K
k=1 ẽk

∣∣hd,k + vHqk

∣∣2
τ̃ (σ2 + σ2

rvHGv)

)
, (61)

where (a) follows from the inequality of arithmetic
and geometric means, and τ̃ =

∑K
k=1 τ̃k . We have∑K

k=1 ẽkṽHHr,kṽ+τ̃σ2
r‖ṽ‖2 ≤ Pr τ̃ by taking the summation

of all ∀k ∈ K in (60b), which implies that {τ̃ , ẽk, ṽ} is
guaranteed as a feasible solution for (18). As such, the optimal
value of problem (18) is no smaller than that of (32), i.e.,
R∗

NOMA ≥ R
(lb)∗
TDMA. If

ẽk

∣∣hd,k + vHqk

∣∣2
τ̃k (σ2 + σ2

rvHGv)

= ẽj

∣∣hd,j + vHqj

∣∣2
τ̃j (σ2 + σ2

rvHGv)
, ∃k, j ∈ K,

(62)

we have R∗
NOMA > R

(lb)∗
TDMA, i.e., the optimal value of (18) is

strictly larger than that of (32).

When
{

�
τ k,

�
ek,

�v
}

satisfies constraint (60b), it is also

an optimal solution for problem (18) and thus R
(lb)∗
TDMA =

Rub
TDMA. In this case, �

τ =
∑K

k=1
�
τ k, �v = �v, and �

ek = �
ek

also satisfy all constraints in problem (18), which indicates
that R

(lb)∗
TDMA = Rub

TDMA = Rub
NOMA = R∗

NOMA. Therefore,
(35) is a sufficient condition for R

(lb)∗
TDMA = R∗

NOMA, which
thus completes the proof.
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