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Abstract—Ultra-low latency connections for a massive number
of devices are one of the main requirements of the next-
generation tactile Internet-of-Things (TIoT). Grant-free non-
orthogonal multiple access (GF-NOMA) is a novel paradigm that
leverages the advantages of grant-free access and non-orthogonal
transmissions, to deliver ultra-low latency connectivity. In this
work, we present a joint channel assignment and power allocation
solution for semi-GF-NOMA systems, which provides access to
both grant-based (GB) and grant-free (GF) devices, maximizes
the network throughput, and is capable of ensuring each device’s
throughput requirements. In this direction, we provide the
mathematical formulation of the aforementioned problem. After
explaining that it is not convex, we propose a solution strategy
based on the Lagrange multipliers and subgradient method.
To evaluate the performance of our solution, we carry out
system-level Monte Carlo simulations. The simulation results
indicate that the proposed solution can optimize the total system
throughput and achieve a high association rate, while taking into
account the minimum throughput requirements of both GB and
GF devices.

Index Terms—Grant-Free, Internet of Things, Non-Orthogonal
Multiple Access

I. INTRODUCTION

The proliferation of tactile Internet-of-Things (TIoT) de-
vices along with the emergence of new application domains,
such as industry 4.0 [1], healthcare [2], transportation [3], and
agriculture [4], that demand high-reliability, low-latency and
massive connectivity [5]. Consequently, these new application
domains are expected to stretch access networks to their limits
[6], [7]. Aspired by this, both the research and development
communities turned their attention to the design and analysis
of new non-orthogonal multiple access (NOMA) schemes (see
e.g., [8]–[12] and references therein).

Although GF schemes are able to achieve the low-latency
requirements, they lack in reliability in TIoT environments
where a massive number of devices may need to be supported.
To address this, GF-NOMA approaches have been presented
and examined as possible solutions [13]–[17]. Particularly,
in [13], the authors derived simplified expressions that approx-
imate the outage probability and system throughout for both
successive joint decoding (SJD) and successive interference

cancellation (SIC), while in [14], Du et al. developed an
algorithm that exploits the block sparsity to effectively carry
out the multi-user detection (MUD) process. Jiang et al.
[15] presented a distributed transmission scheme that aims to
mitigate collisions in massive machine-type communications
(mMTC) scenarios, while, in [16], they developed a joint
user and signal detection algorithm by leveraging the message
passing principles of GF-NOMA systems. Finally, in [17], the
authors utilized a deep neural network to develop an active
user detection (AUD) method for mMTC.

The aforementioned works presented some interesting re-
sults; however, they present resource allocation policies for
scenarios in which only GF devices are involved. However,
in practice, GF and GB devices coexist and are expected
to be served by the same base station (BS). In light of the
aforementioned remark, we present a novel semi-GF-NOMA
solution that ensures connectivity for both critical and non-
critical IoT devices. Critical IoT devices require highly reliable
links to the BS, and thus, they are allocated dedicated channels.
On the other hand, non-critical devices have lower reliability
requirements. These devices send their data in a GF manner,
if and only if the interference that they cause does not degrade
the performance of the critical IoT devices. In more detail, the
technical contribution of this paper is as follows:

• We present a general system model for TIoT networks,
in which both GF and GB devices of different throughput
requirements coexist.

• We formulate a total throughput maximization problem as
a joint channel assignment and power allocation problem.

• After explaining that the aforementioned problem is not
convex, we propose a solution strategy based on the
Lagrange multipliers and subgradient method.

• We analyze the complexity of the proposed solution.
• To evaluate the performance of the proposed solution, we

carry out extensive system-level Monte Carlo simulations.

The rest of the paper is structured as follows: Section II
introduces the system model. The formulation and solution
of the optimization problem is presented in Section III, while



Grant-Based 
Device

Grant-Based Devices

Grant-Free Devices

Fig. 1. Uplink Semi-GF-NOMA Scenario

Section IV presents simulation results and insightful discus-
sions. Finally, Section V concludes this work.

II. SYSTEM MODEL

As depicted in Fig. 1, we consider an uplink scenario,
where a BS provides radio access to a number of N randomly
deployed devices. There are two categories of devices, namely
the GB devices, which are have already been assigned a
channel, and the GF devices that intend to share the channels
with the GB devices. To support massive connectivity and
increased spectrum efficiency, there are M channels available
for both GB and GF transmission. Furthermore, it is assumed
that up to one GF device can be assigned to the same channel.

The SIC process is utilized for MUD. Each device is aware
of its own channel state information (CSI), as well as its
maximum available transmission power. Likewise, GF devices
“eavesdrop” the communication between the GB devices and
the BS, in order to gain knowledge of the GB devices CSI.
Moreover, the GF devices also autonomously communicate
with each other, based on a device-to-device (D2D) communi-
cation scheme, in order to exchange their CSI and throughput
requirements. To achieve this alternative frequency bands are
utilized for D2D communications, such as millimeter-wave or
microwave frequencies [18], [19]. As a result, the signaling
overhead between the GF devices and the BS is minimized.

Let the gain of device n over channel m be denoted by
|hn,m|. The term pn,m stands for the transmission power of
device n to channel m. Without loss of generality, we assume
that the number of channels M equals the number of GB
devices and the GB devices are ordered based on their respec-
tive channel gains as |h1,m| ≥ |h2,m|≥... ≥ |hM,m|,∀m. The
channel coefficients are assumed to follow ordered Rayleigh
distribution with variance d−2n , where dn is the BS to the n-
th device distance. Both GF and GB devices have different
throughput requirements, denoted by Rminn , 1 ≤ n ≤ N .
Finally, the binary variable an,m denotes whether device n
is assigned to channel m.

Based on the decoding order of the SIC process, i.e.
lower-ordered devices will not introduce interference to the

considered device, the signal-to-interference-plus-noise ratio
(SINR) of device n in channel m is

γn,m =
|hn,m|2pn,m

|hn,m|2
∑N
l=n+1 pl,m + 1

(1)

Note that without loss of generality, we assume that the noise
power is equal to 1. Consequently, the achievable throughput
of device n in channel m can be calculated as:

Rn,m = log2(1 + γn,m) (2)

Finally, the GB devices have already been assigned to their
respective channels, where they feature the best performance,
hence, the binary assignment variable will be:

an,m =

{
1, if n = m

0, otherwise
∀n,m (3)

III. JOINT CHANNEL AND POWER ALLOCATION

The solution to the joint channel assignment and power
allocation problem is presented in this section. In particular,
this section provides the problem formulation and the corre-
sponding solution policy.

A. Problem Formulation

We propose a joint optimization solution that aims to
maximize the total system throughput. The proposed solution
determines the optimal GF device assignment to a channel, as
well as its optimal transmission power in the assigned channel
so as to minimize the interference to the GB device. In this
direction, the optimization problem can be formulated as

max
an,m,pn,m

N∑
n=1

M∑
m=1

an,mRn,m (4)

subject to:

C1 : an,mRn,m ≥ Rminn ,∀n,m

C2 :

M∑
m=1

pn,m ≤ Pmaxn , 1 ≤ n ≤ N

C3 :

N∑
n=1

an,m ≤ 2, 1 ≤ m ≤M

C4 :

M∑
n=1

M∑
m=1

an,m ≤M

C5 :

M∑
m=1

an,m ≤ 1, 1 ≤ n ≤ N

C6 : an,m = {0, 1},∀n,m
C7 : pn,m ≥ 0,∀n,m

In (4), C1 indicates that each device is required to achieve
its minimum required throughput, while C2 limits the trans-
mission power to the maximum transmission power of each
device. If more than two devices are assigned to the same
channel, the performance of the SIC process is dramatically
reduced [20]–[22]. To this end, C3 limits the number of



assigned devices per channel to two devices. C4 and C5 are
imposed to guarantee that the already assigned GB devices
will not be assigned to different channels. Finally, C6 enforces
binary values to an,m.

The optimization problem in (4) is a non-convex mixed
integer problem, due to the binary variable an,m. To solve
it, we first relax C6 as

C6 : 0 ≤ an,m ≤ 1,∀n,m

and we employ the Lagrange multipliers method [23]. The
Lagrangian of (4) can be obtained as (5), given at the top of
the following page.

In (5), λn,m, ξn, θm, κ, φn, and χn,m are the
non-negative Lagrange multipliers corresponding
to the optimization constraints. By defining
X = (an,m, pn,m, λn,m, ξn, θm, κ, φn, χn,m) in (5), we
extract

L(X ) =

N∑
n=1

M∑
m=1

an,m(Rn,m + λn,mRn,m

− θm − φn − χn,m)− ξnpn,m + χn,m (6)

+

N∑
n=1

−λn,mRminn + ξnP
max
n + φn

+ 2

M∑
m=1

θm + κM − κ
M∑
n=1

M∑
m=1

an,m

which can equivalently written as

L(X) =

N∑
n=1

M∑
m=1

Ln,m(X)

+

N∑
n=1

(−λn,mRminn + ξnP
max
n + φn) (7)

+

M∑
m=1

(2θm) + κM

where

Ln,m(X) = an,m(Rn,m + λn,mRn,m − θm − φn−

χn,m − κ)− ξnpn,m + χn,m +
k

N

N∑
y=M+1

ay,m (8)

Consequently, the dual problem in (4) can be equivalently
expressed as

min
λn,m,ξn,θm,κ,φn,χn,m

D(λn,m, ξn, θm, κ, φn, χn,m)

subject to: λn,m, ξn, θm, κ, φn, χn,m ≥ 0

where the dual function is defined as

D(λn,m, ξn, θm, κ, φn, χn,m) = max
{an,m},{pn,m}

L(X) (10)

The aforementioned dual problem in (4) can be decomposed
into two layers, namely the inner and outer layers. Specifically,
in the inner layer, the optimal channel assignment and power

allocation (i.e. an,m and pn,m) are determined, while in the
outer layer, the optimal Lagrange multipliers (i.e. λn,m, ξn,
θm, κ, φn and χn,m) are calculated.

The following theorem returns the optimal power allocation
policy for the GF devices.

Theorem 1. The optimal power allocation can be obtained
as

p∗n,m =

[
an,m(1 + λn,m)

ξn ln 2
−

1 + |hn,m|2(
∑N
l=n+1 pl,m)

|hn,m|2

]+
(11)

where [x]+ = max(0, x).
Proof: For brevity, the proof is provided in the

Appendix.
To obtain the allocation variable, we calculate the partial

derivative of the Lagrangian as

∂Ln,m(X)

∂an,m
= ∆n,m − θm − φn − χn,m −K (12)

where
∆n,m = (1 + λn,m)Rn,m − ξnpn,m (13)

and

K =

κ, if n ≤M4κ

5
, if n > M

(14)

Therefore, the optimal IoT device-channel association can
be obtained as

an,m∗ = 1|m∗ = max
m

∂Ln,m(X)

∂an,m
,∀n (15)

Note that, as an,m is set to 0 or 1 according to (15), the
relaxation of C6 does not have any impact in the optimality
of the solution.

Based on the subgradient method (Chapter 2 of [24]) the
Lagrange multipliers can be updated as

λt+1
n,m =

[
λtn,m − s1(Rn,man,m −Rminn )

]+
(16)

ξt+1
n =

[
ξtn − s2(Pmaxn −

M∑
m=1

pn,m)

]+
(17)

θt+1
m =

[
θtm − s3(2−

N∑
n=1

an,m)

]+
(18)

κt+1 =

[
κt+1 − s4(M −

N∑
n=1

M∑
m=1

an,m)

]+
(19)

φt+1
n =

[
φtn − s5(1−

M∑
m=1

an,m)

]+
(20)

χt+1
n,m =

[
χtn,m − s6(1− an,m)

]+
(21)

where t denotes the iteration index, while s1, s2, s3, s4, s5,
and s6 are the positive step sizes.



L(an,m, pn,m, λn,m, ξn, θm, κ, φn, χn,m) =

N∑
n=1

M∑
m=1

Rn,man,m +

N∑
n=1

M∑
m=1

λn,m(Rn,man,m −Rminn )

+

N∑
n=1

ξn(Pmaxn −
M∑
m=1

pn,m) +

M∑
m=1

θm(2−
N∑
n=1

an,m) + κ(M −
M∑
n=1

M∑
m=1

an,m) (5)

+

N∑
n=1

φn(1−
M∑
m=1

an,m) +

N∑
n=1

M∑
m=1

χn,m(1− an,m)

Algorithm 1 Iterative Resource Allocation Algorithm for GF
Devices
Input: channel gains hn,m,∀n,m, initial GB device alloca-

tion an,m|{n : GB device} , tolerance ε
Output: optimal channel assignment an,m|{n : GF device},

and power allocation pn,m,∀n,m
1: Initialize tolerance ε
2: Initialize pn,m = Pmax|{n : GF device},∀m and set
t = 0

3: Initialize the Lagrange multipliers:
λn,m, ξn, θm, κ, φn, χn,m

4: while termination condition not met do
5: for n = 1 to N do
6: for m = 1 to M do
7: Update p∗n,m according to (11)
8: Update a∗n,m according to (15)
9: Update the Lagrange multipliers according to

(16) – (21)
10: end for
11: end for
12: S(t) =

∑N
n=1

∑M
m=1Rn,man,m

13: if |S(t)− S(t− 1)| < ε then
14: Terminate algorithm
15: Return a and p
16: end if
17: end while

B. Solution Policy

In this section, we present Algorithm 1 that returns the
optimal joint channel assignment and power allocation of GF
devices. Algorithm 1 uses as inputs the channel gains, the
GB device assignment, and the tolerance, as the termination
criterion. The total network throughput increases after each
iteration until convergence and the algorithm outputs the
optimal GF channel assignment and power allocation. At each
iteration, given the total throughput from the last iteration, the
optimal channel assignment and power allocation for each GF
device will be updated until convergence.

In Algorithm 1, we suppose the iteration number converges
at T . In each iteration of the inner layer, the calculation of
(11) entails NM operations, and the worst-case complexity of
searching (14) requires NM operations in each iteration of the
inner layer. The updates of the Lagrange multipliers (15)-(16)
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Fig. 2. Total throughput as a function of the number of devices for different
throughput requirements and maximum transmission power.

require O(NM) operations. Therefore, the total complexity of
Algorithm 1 is O(TNM). Additionally, with the appropriate
selection of iteration step sizes (s1, ..., s6), T can be further
reduced.

IV. PERFORMANCE EVALUATION

To evaluate the performance of our proposed solution, we
utilize extensive Monte Carlo simulations. Specifically, we
evaluate the total system throughput and association rate as
functions of the number of devices for different throughput
requirements and maximum available transmission power. In
more detail the following insightful scenario is investigated.
We assume that the GB and GF devices are randomly dis-
tributed in the coverage region, while their distances from the
BS are in the range of [1, 10] m. Additionally, the number of
channels is assumed to be equal to the number of GB devices.
The tolerance is set to ε = 10−3, while the step sizes (s1-s6)
are set to 0.1.

Figure 2 shows the total throughput as a function of the
number of devices, as the number of both GB and GF
devices is 5, 10, 15, 20, and 25. The minimum throughput
requirements are 1 and 0.5 bps/s/Hz for GB devices, while
the respective throughput requirements for GF devices are
0.5 and 0.1 bps/s/Hz. Similarly, the maximum transmission
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Fig. 3. Association rate as a function of the number of devices for different
throughput requirements and maximum transmission power

power is 50 and 100 mW for GB devices, while the respective
maximum transmission power of GF devices are 25 and 50
mW. It is apparent that the total throughput is increased as the
number of GB and GF devices increases. Similarly, when the
maximum available power is increased from 50/25 to 100/50
mW the total throughput also increases. This is expected as
both GB and GF devices transmit with more power, thus, they
are able to achieve higher throughput. Finally, according to the
results, the minimum throughput requirement does not have an
impact on the total throughput. This is expected, the proposed
algorithm optimizes the total system throughput. As a result,
the achieved device throughput is higher than the minimum
required one.

Figure 3 illustrates the association rate of GF devices as a
function of the total number of devices. Of note, a GF device
is successfully associated when its minimum throughput re-
quirement is satisfied. The minimum throughput requirements
are 1 and 0.5 bps/s/Hz for GB devices, while the respective
throughput requirements for GF devices are 0.5 and 0.1
bps/s/Hz. Similarly, the maximum available power is 50 and
100 mW for GB devices and 25 and 50 mW for GF devices,
respectively. As the maximum available power is increased,
the association rate can achieve values higher than 99.5%. This
is expected, as GF devices can achieve a higher throughput,
when more power is available. A similar association rate
is achieved when the minimum throughput requirements are
lower, as the maximum available power is sufficient to achieve
the required throughput. Finally, an association rate of about
96% is achieved when the throughput requirements are higher,
but the maximum available power is low.

Figure 4 illustrates the convergence of Algorithm 1 for
different numbers of GB and GF devices, as well as different
values of maximum transmission power. When there are fewer
GB and GF devices, Algorithm 1 converges after 30 iterations.
On the other hand, when there is a high number of devices,
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Fig. 4. Convergence of Algorithm 1

Algorithm 1 converges after 40 iterations. This is expected, as,
in case there are more devices, there exist more channel-device
combinations to be considered. Furthermore, the maximum
transmission power does not noticeably affect the convergence
speed. Finally, note that the spikes at the first and second
iterations are expected, because the initial transmission power
of GB devices is set to Pmax.

V. CONCLUSION

In this work, we proposed a joint channel assignment
and power allocation solution for GF-NOMA network. The
proposed solution aims to optimally assign channels to the GF
devices, as well as optimize the allocated power of both GF
and GB devices. We utilized Lagrange dual decomposition to
relax the initial non-convex optimization problem. We derived
closed-form expressions for the optimal power allocation and
designed a low-complexity algorithm that iteratively finds the
optimal channel allocation for GF devices.

To validate the efficiency of the proposed solution, we car-
ried out system-level Monte Carlo simulations and evaluated
the total system throughput and association rate. The simula-
tion results showed that the proposed solution can maximize
the total system throughput and maintain a high association
rate while taking into account the throughput requirements of
each device. Finally, the complexity analysis shows that our
proposed solution features a low complexity. This can be also
validated by the respective results concerned with convergence
speed of Algorithm 1.

APPENDIX
PROOF OF THEOREM 1

For simplicity, let us assume that N = 3. In this case,
for any channel m, we assume that the devices are sorted
according to the channel gains |h1,m| ≥ |h2,m| ≥ |h3,m|. To
obtain p∗1,m, we calculate the derivative of (8) as

∂L1,m

∂p1,m
= 0 (22)



or

−ξ1 +
a1,m(1 + λ1,m)|h1,m|2

ln 2(1 + |h1,m|2(p1,m + p2,m + p3,m))
= 0 (23)

which can be rewritten as

p∗1,m =
(1 + λ1,m)

ξ1 ln 2
− 1

|h1,m|2
− (p2,m + p3,m) (24)

Similarly, to obtain p∗2,m

∂L2,m

∂p2,m
= 0 (25)

or

−ξ2 +
a2,m(1 + λ2,m)|h2,m|2

ln 2(1 + |h2,m|2(p2,m + p3,m))
= 0 (26)

which can be rewritten as

p∗2,m =
a2,m(1 + λ2,m)

ξ2 ln 2
− 1

|h2,m|2
− (p3,m) (27)

Finally, to obtain p∗3,m

∂L3,m

∂p3,m
= 0 (28)

or

−ξ3 +
a3,m(1 + λ3,m)|h3,m|2

ln 2(1 + |h3,m|2p3,m)
= 0 (29)

which can be rewritten as

p∗3,m =
a3,m(1 + λ3,m)

ξ3ln2
− 1

|h3,m|2
(30)

Through deduction and taking into account (24), (27), and
(30), the optimal power allocated to device n on channel m
can be derived by (11).
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