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The proliferation of all types of mobile devices makes the
traffic from wireless devices expected to exceed user traffic
from wired access networks in the next few years. To meet this
trend, 5G networks will be capable of delivering multigigabit
throughput with extremely low latencies, even in highly
dense locations. On the one hand, mobile users are looking
forward to a much richer media experience as 5G quickly
approaches. On the other hand, wireless researchers are
facing unprecedented challenges to make this vision come
true.
One of the most critical 5G research topics is how to
improve the spectrum efficiency in radio access network
(RAN). For example, heterogeneous cloud radio access network (H-CRAN) is a revolutionary architecture that takes
full advantage of both cloud radio access networks (CRANs) and heterogeneous networks (HetNets) to achieve
high cooperative gains. H-CRAN allows seamless integration
of multiple cutting-edge wireless technologies, including
massive MIMO, small cells, mmWave, NOMA, etc. In this
special issue, we have invited a few papers to address the
emerging technologies for 5G radio access network.
The paper “Self-Organized Cell Outage Detection Architecture and Approach for 5G H-CRAN” introduces the
general structure of H-CRAN and reveals that massive access
nodes increase the risk of cell outages. To solve the problem,

the authors suggest to employ the cell outage management
(COM) function proposed in self-organized network (SON).
The paper “Opportunistic NOMA-Based Massive MIMO
Precoding for 5G New Radio” highlights 5G new radio
(NR), which is being designed to significantly improve the
performance, flexibility, scalability, and efficiency over the
current 4G. In particular, the authors design a NOMA
driven MIMO precoding scheme for hybrid unicast/multicast
scenario. The paper “Robust Drones Formation Control
in 5G Wireless Sensor Network Using mmWave” develops
a network of unmanned aerial vehicles (UAVs) for the
purpose of wireless sensing, and the specialty lies in the
involvement of 5G mmWave communications. The paper
“mmWave Measurement of RF Reflectors for 5G Green
Communications” emphasizes the energy consumption and
environment protection by means of passive RF reflection,
where line of sight (LoS) blockage is a major reason to hinder
the coverage. The paper “Rate-Adaptive Multiple Access for
Uplink Grant-Free Transmission” simplifies the signaling
procedure via uplink instant transmission in 5G networks
and develops a promising multiple access protocol to address
the massive connectivity and low latency requirements for
future machine type communications. The paper “On the
Secrecy Capacity of 5G New Radio Networks” proposes a ray
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tracing based 5G NR network channel model and investigates
the secrecy capacity in mmWave band.
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Grant-free transmission, which simplifies the signaling procedure via uplink instant transmission, has been recognized as a
promising multiple access protocol to address the massive connectivity and low latency requirements for future machine type
communications. The major drawback of grant-free transmission is that the contaminations among uncoordinated transmissions
can reduce the data throughput and deteriorate the outage performance. In this paper, we propose a rate-adaptive multiple access
(RAMA) scheme to tackle the collision problems caused by the grant-free transmission. Different from the conventional grantfree (conv-GF) scheme which transmits a single signal layer, RAMA transmits the signals with a multilayered structure, where
different layers exhibit unequal protection property. At the receiver, the intra- and interuser successive interference cancellation
(SIC) receiving algorithm is employed to detect multiple data streams. In RAMA, the users can achieve rate adaptation without
the prior knowledge of the channel conditions, since the layers with high protection property can be successfully recovered when
the interference is severe, while other layers can take advantage of the channel when the interference is less significant. Besides,
RAMA also facilitates the SIC receiving since the multiple layers in the transmission signals can provide more opportunities for
interference cancellation. To evaluate the system performance, we analyze the exact expressions of the throughout and the outage
probability of both conv-GF and RAMA. Finally, theoretical analysis and simulation results validate that the proposed RAMA
scheme can simultaneously achieve higher average throughput and lower outage performance than conv-GF. Meanwhile, RAMA
shows its robustness with large user activation probability, where the collisions among users are severe.

1. Introduction
The next generation wireless communication network (5G) is
expected to support various diversified usage scenarios with
different performance requirements. Specifically, the most
important usage scenarios for radio access are categorized
into three families by Third-Generation Partnership Project
(3GPP): enhanced mobile broadband (eMBB), ultrareliable
and low latency communication (uRLLC), and massive
machine type communication (mMTC) [1]. While eMBB
aims at offering higher peak data rates and higher system
throughput in mobile hotspots, the remaining two scenarios
focus on the machine type communications, where mMTC
is about serving massive devices with small and sporadic
packets, and URLLC addresses the applications with very

rigorous requirements on latency and reliability. Accordingly,
the machine type communications are the extended use cases
for 5G, compared with the current 4G system.
Currently, a scheduling request and grant-based access
mechanism is employed in uplink data transmission. However, as shown in [2], the grant-based access mechanism
expends tens of milliseconds on the signaling intersection,
and the signaling overhead ratio approaches nearly a half with
small packets (e.g., packets which contain dozens of bytes).
Therefore, the latency and overhead requirements cannot be
satisfied with grant-based access mechanism.
Recently, the grant-free access mechanism has attracted
much attention from both industry and academia [3, 4],
where the signaling procedure is greatly simplified. In uplink
grant-free access, once the users have data in buffer, they
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Figure 1: Illustrations of MAC, grant-free transmission, and RAC models. 𝑀1 and 𝑀2 are the messages to be transmitted.

instantly transmit their signals on the preconfigured physical resources instead of waiting for grant signaling. Thus,
the grant-free access mechanism is especially suitable for
uRLLC and mMTC since it reduces the latency and signaling
overhead by avoiding complicated signaling intersections
between users and the base station (BS). Nevertheless, due
to the decentralized access, unexpected collisions may occur
in grant-free access and may deteriorate the system performance. As a result, the prospects and challenges of grantfree access have motivated the researchers to make further
investigations on the grant-free transceivers to fulfill the
requirements of machine type communications in 5G.
1.1. Related Work and Motivation of Our Research. During the
past several decades, there have already been two research
directions towards the problem of multiuser access in wireless networks, i.e., network-oriented research and Shannon
theory oriented research.
In the former research direction, packet transition channel model is assumed, and the researchers mainly focus on
the protocol design of media access control layer. One typical
example is the slotted ALOHA (SA) protocol proposed for
network communications [5]. After that, the listening and
backoff based SA is adopted in WIFI system [6]. In more
recent years, a class of graphical based SA schemes have
been proposed [7], where the random packet transmission is
described by a Tanner graph.
In the latter research direction, multiuser information
theory is exploited to design capacity achieving multiple
access technologies. In the 1970s, the capacity region of
uplink multiple access channel (MAC) is derived, known as
the Cover-Wyner region [8]. To approach the corner points
or the hypotenuse of the Cover-Wyner region, successive
interference cancellation (SIC) detection or maximum likelihood (ML) detection should be deployed at the receiver.

However, these advanced receivers are not widely accepted
by the industry and the academia, due to the concern
of high computational complexity, until half a century of
Moore’s law has made the complexity less noticeable. In the
most recent decade, nonorthogonal multiple access (NOMA)
technologies, which are promising to achieve the entire
Cover-Wyner region, have attracted much attention. By multiplexing different users’ signals on the same physical resource
and employing advanced detector at the receiver, NOMA
possesses higher spectral efficiency and higher overloading
compared to the conventional orthogonal multiple access
(OMA).
However, none of the above researches can fully describe
the grant-free transmission, as pointed out in [9, 10]. We
compare the grant-free access model with the access models
dealt with in the above two research directions in Figure 1.
First of all, a two-user grant-free access model is presented
in Figure 1(a), where each user is activated according to a
random variable 𝑆𝑖 , 𝑖 = 1, 2, and the received signal is polluted by the noise. In network-oriented research, the grantfree access channel is modeled with erasure channel model, as
shown in Figure 1(b), where the discontinuous packet arrival
can be described, but the underlaid physical layer procedures
are ignored; i.e., the noise and the potential near-far effect
between two users cannot be modeled. Similarly, the grantfree access cannot be modeled by the MAC model either, as
shown in Figure 1(c), since the MAC model assumes fullbuffer traffic and neglects the random packet arrivals.
Efforts have been made to provide a universal description
of grant-free access by bridging the gap between these
two research directions. A two-user random access channel
(RAC) model is proposed in [10], as presented in Figure 1(d),
where three auxiliary receivers are introduced to represent
three different user activation conditions; i.e., user-1 is
activated, user-2 is activated, and both users are activated.
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The RAC model roots in the Shannon information theory,
while it also reflects the burst transmissions of grant-free
access. Since the RAC model involves multiple transmitters
and multiple receivers, it is similar to the interference channel
(IC) model proposed in multiuser information theory [11].
The capacity region of RAC is defined by taking the closure
of the unions of achievable rate tuples at user-1 and user2 with respect to the above receivers, which is a classical
information theoretic approach. Obviously, different from
in the MAC model, where the NOMA technologies can
approach the entire capacity region of MAC, they are not
capacity achieving in RAC. As illustrated in [10], rate-splitting
technique is required to approach the Shannon limit, at least
in two-user RAC.
However, the existing literatures mainly focus on very
theoretical cases and do not provide practical designs to
incorporate the rate splitting in grant-free transmission. Also
they usually assume a grant-free access system with up to
two users, which is far from the requirements of 5G. And
the advantages are not clarified when the number of users is
more than two. Nevertheless, they do provide the insightful
hint, that is, to use rate splitting for grant-free users. In
this paper, we aim to design a practical multiple access
scheme to address the unpredictable interference in grantfree access and to fully utilize the underlaid physical channel.
In the meantime, the performance gain of the proposed
scheme over conventional grant-free access (conv-GF) is also
clarified.
1.2. Contributions
1.2.1. Novel Grant-Free Access Scheme. To combat the unpredictable interference in grant-free access, we propose a novel
multiple access scheme, namely, rate-adaptive multiple access
(RAMA). The main idea of RAMA is to incorporate rate
splitting at the transmitter and employ SIC receiving at the
receiver. With rate splitting, the total transmission power is
unequally split into several layers and each layer is assigned
with an independent codeword, where the multiple layers of
a single user hold unequal protection property (UEP). The
layers with UEP can be successfully recovered under different
levels of interference; i.e., when the collision is high, the layers
with high priority can be recovered, while when collision is
low, the layers with low priority can take the advantage of
the channel. Besides, SIC receiver is employed to mitigate
the interference among the layers and the users. In this way,
RAMA can enhance the system throughput, while reducing
the outage probability simultaneously. Although the grantfree users cannot know the channel conditions in advance, the
actual achievable transmission rates can still adapt to the realtime conditions of channel. Thus RAMA actually achieves
the rate adaptation, which is similar to the link adaptation
in the grant-based transmission. Also, introducing more
layers at the transmitter can provide more opportunities for
interference cancellation which makes RAMA more robust
than conv-GF with high user activation probability.
1.2.2. Clarification on Performance Gain. Another contribution of our work is that we analytically clarify the performance
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gain of RAMA over conv-GF. The existing literatures have
shown that incorporating rate splitting in grant-free access
with two users in an information theoretical approach can
achieve performance gain. However, it is hard to illustrate
the gain with multiple users, since the information theoretical model of being grant-free is rather complicated with
more than two transmitters. In this paper, the throughput
performance and the outage probability are analyzed with
statistical methods, where users are randomly deployed in the
cell. We then formulate the exact expressions of the outage
probability and throughput of RAMA and conv-GF. Analysis
and simulation results reveal that RAMA can achieve higher
sum throughput as well as lower outage probability which
illustrates that the fairness among users is also improved.
1.2.3. Constellation Design and Parameter Optimization. To
facilitate the proposed RAMA scheme, we propose two
RAMA amenable constellation design methods, namely,
overlapping method and bundling method, respectively. In
particular, the constellations, designed by the overlapping
method, are composed of several base constellations, where
the parameter optimization methods are discussed, including
the optimizations of power coefficients and relative rotation
angles among the base constellations.
The rest of this paper is organized as follows. Section 2
describes the system and channel model of grant-free transmission, followed by the description of the proposed RAMA
scheme in Section 3. Some implementation issues are also
discussed in Section 3 as well. Section 4 conducts the theoretical analysis on conv-GF and RAMA. Section 5 provides
two design methods on RAMA amenable constellations. The
simulation results are presented in Section 6. Finally, the
conclusions and the future works are illustrated in Section 7.

2. System Model
Consider a grant-free access network as shown in Figure 2.
Suppose that a total of 𝑀 users are randomly distributed in
the cell with the maximum distance 𝑅1 and the minimum
distance 𝑅2 , and the BS is deployed in the center of the cell. We
model packet arrivals at the user side as Poisson distribution
and define Poisson arrival rate as 𝛾. In the network, the
users are always in inactive mode to save energy if their
buffer is empty. Once there are packets in the buffer, the
users transfer to active mode and instantly transmit the data
packets without grant signaling from the BS. Without loss
of generality, we suppose that the BS has full knowledge of
user activation information, e.g., via user-specific preamble
or simplified random access procedure [10, 12], while the
users have no knowledge about other activated users. Note
that in this paper we focus on the one-shot grant-free
transmission [13] and do not consider the retransmission or
hybrid automatic repeat request (HARQ).
At each time index-𝑡, one physical resource block is
defined for grant-free access. Define b𝑡𝑚 ∈ {0, 1}𝑘 as the
information bit sequence of an active user-𝑚 (1 ≤ 𝑚 ≤
𝑀) with length-𝑘 at time index-𝑡. In conv-GF, b𝑡𝑚 is first
encoded into a single coded bit sequence c𝑡𝑚 ∈ {0, 1}𝑛
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Figure 2: Grant-free access system model.

conv
with coding rate 𝑟𝑚
and then modulated into a complex
𝑡
symbol sequence x𝑚
∈ {X}𝑛/log2 (|X|) , where X is the
constellation with cardinality |X|. Each symbol sequence
occupies the entire physical resource block. Furthermore,
we assume Rayleigh block fading channel model, where the
Rayleigh distributed small-scale fading coefficient remains a
constant within each block, and the fading is independent and
identically distributed (i.i.d.) among different blocks or users.
Therefore the channel coefficient between the BS and user-𝑚
𝑡
𝑡
at time index-𝑡 is given by ℎ𝑡𝑚 = 𝑔𝑚
/√𝑑𝛼𝑚 [14], where 𝑔𝑚
is
Rayleigh fading coefficient, 𝑑𝑚 is the distance between the BS
and the user-𝑚, and 𝛼 is the decay exponent. Without loss of
generality, we assume 𝛼 = 2 [15] and assume the transmission
power of each user is 𝑃. Therefore, the received signal at the
BS at time index-𝑡 is formulated as follows:
𝑀

𝑡 𝑡 √
𝑡
y𝑡 = ∑ 𝐼𝑚
ℎ𝑚 𝑃x𝑚
+ 𝑛𝑡 ,
𝑚=1

{1,
𝑡
𝐼𝑚
={
0,
{

active
inactive,

(1)

𝑡
where 𝐼𝑚
indicates the user activation, and 𝑛𝑡 is the additive
white Gaussian noise with zero mean and variance 𝜎2 .
At the receiver, advanced multiuser detector (MUD) is
usually employed to mitigate the mutual interference among
the users and to distinguish different users’ data streams. For
simplification, we define 𝑇𝑡 as the normalized throughput of
the network which equals the number of successfully transmitted packets at time index-𝑡, and the average normalized
throughput is given by 𝑇 = 𝐸𝑡 {𝑇𝑡 }. The outage is defined as
the event that a packet is not successfully decoded in given
time index.
In this paper, we assume that the BS deploys the SIC
receiver, which is a typical MUD in NOMA [4], to accomplish
a good tradeoff between the detection accuracy and the
computational complexity. The main idea of SIC is to firstly
recover and cancel the data streams with high priority while
regarding the other signals as noise and then take advantages
of the residual signals. In the conventional grant-based
NOMA, the users are scheduled by the BS to deliberately

and cautiously multiplex together to ensure low detection
error probability. However, as one may expect, the random
superposition of signals in grant-free data transmission may
not facilitate SIC receiving. Therefore, more elaborate designs
should be made at the transmitters to enhance the total
throughput and reduce the outage probability of grant-free
access system.

3. The Proposed Rate-Adaptive
Multiple Access
In grant-based access, each user transmits a codeword in a
slot with a certain coding rate derived by channel estimation.
However, in grant-free access, the users cannot anticipate
the real-time traffic load and may experience unexpected
interference from other active users. We illustrate the achievable data rates versus the interference with different grantfree access schemes in Figure 3. Conv-GF adopts the same
transmission strategy as in grant-based access, which may
lead to performance loss compared to the theoretical limit, as
shown by the red arrows in Figure 3(a). When the interference
is lower than the threshold, the user cannot fully utilize the
potential of channel, and when the interference is higher than
the threshold, the data cannot even be successfully recovered.
One may expect an ideal grant-free access scheme where
the achievable data rate at receiver can automatically adapt
to the interference and thus follow the theoretical limits, as
shown in Figure 3(b). However, this is not realistic. In this
section, we propose a rate-adaptive multiple access (RAMA)
scheme for grant-free data transmission, which is based on
the rate-splitting technique and can be regarded as the an
approximation to the ideal grant-free access as illustrated
in Figure 3(c). With this aim, we firstly introduce the ratesplitting technique before presenting the proposed RAMA
scheme.
3.1. Rate Splitting. Rate splitting (RS) was originally introduced in the multiuser information theory as a technique
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to prove the capacity bounds of broadcasting channel (BC),
multiple access channel (MAC), and interference channel
(IC) [16]. The core idea of RS is to split the original message
into two or several independent layers and transmit them
simultaneously. During these years, RS has attracted the
attention of researchers for its potentials to reach every point
in MAC [17], to enhance the fairness among the users in the

network [18], and to promote the security in MIMO network
[19], etc.
3.2. RAMA for Grant-Free Transmission. The proposed
RAMA scheme is demonstrated in Figure 4, where RS
technique and SIC are adopted at the transmitters and the
receiver, respectively. When each user has data in buffer, it
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Require: the received signal y𝑡 .
Ensure: the estimated information bits.
(1) Transverse all possible SIC orders and conduct SIC receiving for each SIC order.
(2) Find the optimal SIC order which achieves the largest throughput and output the estimated information bits.
Algorithm 1: Optimal SIC-Based Detection Algorithm.

instantly transmits signals according to the RAMA scheme,
as shown in Figure 4(a), with three steps.
Step 1 (data reorganization). At the active user-𝑚, information bit sequence b𝑡𝑚 ∈ {0, 1}𝑛 is partitioned and reorganized
by a bijection B
B : b𝑡𝑚 → (𝛽𝑡𝑚,1 , 𝛽𝑡𝑚,2 , . . . , 𝛽𝑡𝑚,𝐿 𝑚 ) ,

(2)

where 𝐿 𝑚 is the number of layers and 𝛽𝑡𝑚,2 (1 ≤ 𝑙 ≤ 𝐿 𝑚 ) is
the information bit sequence for 𝑙th layer. We assign different
priority levels to data layers, where layers with higher priority
will experience greater protection.
Step 2 (single-layer channel coding). Each subsequence 𝛽𝑡𝑚,𝑙
RAMA
is encoded with a channel encoder ENC𝑙 with rate 𝑟𝑚,𝑙
ENC𝑙 : 𝛽𝑡𝑚,𝑙 → c𝑡𝑚,𝑙 ,

(3)

𝑐𝑡𝑚,𝑙

where
is the coded bit sequence. Generally, high priority
layers are encoded with low coding rate.
Step 3 (layer-aggregation). Two options can be used to
aggregate different layers into one symbol sequence.
In option 1, each coding layer 𝑐𝑡𝑚,𝑙 is independently
modulated with modulator MOD𝑙 :
𝑡
MOD𝑙 : c𝑡𝑚,𝑙 → x𝑚,𝑙
,

(4)

𝑡
where x𝑚,𝑙
is the modulation symbol sequence with each ele𝑡
(1 ≤
ment drawn from the constellation X𝑚,𝑙 . All layers x𝑚,𝑙
𝑙 ≤ 𝐿 𝑚 ) are then superimposed together to get the composite
𝑡
constellation symbol sequence x𝑚
with certain power coeffi𝑡
𝑡
𝑡
𝑡
cient 𝜆𝑚 = [𝜆 𝑚,1 , 𝜆 𝑚,2 , . . . , 𝜆 𝑚,𝐿 𝑚 ] and phase rotation angle
𝑡
𝑡
𝑡
𝑡
𝜗𝑡𝑚 = [𝜗𝑚,1
, 𝜗𝑚,2
, . . . , 𝜗𝑚,𝐿
], where x𝑚
is given by
𝑚
𝐿𝑚

𝑡

𝑡
𝑡
= ∑𝜆𝑡𝑚,𝑙 x𝑚,𝑙
𝑒𝑗𝜗𝑚,𝑙 ,
x𝑚
𝑙=1

(5)
𝑛/log2 (|X(𝜆𝑡

𝑡
x𝑚
∈ {X(𝜆𝑡𝑚 ,𝜗𝑡𝑚 ) }

𝑡 |)
𝑚 ,𝜗𝑚 )

,

and X(𝜆𝑡𝑚 ,𝜗𝑡𝑚 ) is the composite constellation defined by 𝜆𝑡𝑚 and
𝜗𝑡𝑚 . The layers with higher priority are assigned with larger
power coefficients.
In option 2, multiple coding layers are firstly mapped
to a single bit stream and then modulated with highorder constellation, similar to the coded modulation, as
𝑡
𝑡
(c𝑡𝑚,1 , c𝑡𝑚,2 , . . . , c𝑡𝑚,𝐿 𝑚 ) → x𝑚
, where x𝑚
∈ {X}𝑛/log2 (|X|) . The
mapping ensures that the coded bits of higher priority layers
hold larger minimum Euclidean distances.

At the receiver, multiuser detection algorithm should be
employed to distinguish different users’ signals, since multiple users may collide due to the uncoordinated transmission.
We show an optimal SIC-based detection algorithm in Algorithm 1, which requires traversing all possible SIC orders. To
reduce the computational complexity, we propose a simplified
detection algorithm as demonstrated in Algorithm 2. Note
that, by employing Algorithm 2, we can simplify the analysis
of outage performance in Section 5.
As shown in Figure 3(c), the advantage of RAMA can be
intuitively illustrated as follows. In RAMA, the data of each
user is transmitted with multiple signal layers, where all the
layers have different reliability. As for a certain user, when the
external interference is significant, only the signal layer with
higher reliability can be solved. Otherwise, when the external
interference is not significant, the signal layers with lower
reliability can also be successfully recovered. Besides, the
layered structure can also mitigate the mutual interference,
since the recovered signal layers can be reconstructed and
cancelled via SIC receiving. As a result, even if the grant-free
user cannot foresee the channel occupancy, each user’s actual
transmission rate can still adapt to the real-time conditions of
channel.
3.3. Implementation Issues
3.3.1. Priority Setting. As mentioned above, the multiple
layers in the transmission signals of RAMA exhibit UEP,
and the data with disparate priority shall be mapped to
corresponding layers. Therefore, the order of the importance
of data sets shall be decided in practice. The data sets
can be randomly assigned with different priority. Moreover,
in some usage scenarios, different data sets naturally have
different levels of importance. For example, in mMTC, data
sets may contain user identity and application data. The
data set containing the user identity is regarded as having
high priority. Once the BS knows the user identities, the
BS may schedule these users with grant-based transmission
to mitigate the collision [20]. Another example happens
when grant-free uplink transmission collides with the uplink
control information (UCI) on the same resources [21]. In this
case, the user may piggyback the UCI report into grant-free
data transmission, and the UCI report and grant-free data
have different priority; e.g., if the data is for URLLC and the
UCI is for eMBB, the former has higher priority.
3.3.2. Frame Structure. The proposed RAMA scheme can
be incorporated into existing frame structure designed for
grant-free transmission [22]. However, the transmission
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Require: the received signal y𝑡 , the number of active user 𝑀ac , maximum SIC iteration number 𝑆max , maximum layer number
𝐿 max , and flag 𝑓.
Ensure: the estimated information bits.
Set 𝑓 = 1.
(2) while 𝑓 = 1 & 1 ≤ 𝑠 ≤ 𝑆max do
Set 𝑓 = 0.
(4) for 1 ≤ 𝑙 ≤ 𝐿 max do
for 1 ≤ 𝑚 ≤ 𝑀ac do
(6)
Step 1. Detect the 𝑙th signal layer of the user with 𝑚th strongest channel gain while regarding interference as noise.
if this signal layer is successfully recovered then
(8)
Step 2. Output the estimated information bits of this signal layer.
Step 3. Reconstruct and cancel this signal layer from y𝑡 .
(10)
Step 4. Set flag 𝑓 = 1.
end if
(12)
end for
end for
(14) end while
Algorithm 2: The Proposed SIC-Based Detection Algorithm.

3000

block sizes (TBSs) defined for LTE may not satisfy the need
of RAMA, since RAMA contains more than one data block in
each transmission and some data blocks may only have much
less amount of bits. Thus more TBSs should be defined for
RAMA.

4. Performance Analysis of Conv-GF
and RAMA
In this section, we analyze and compare the outage and
throughput performance of both conv-GF and RAMA and
show the advantages of RAMA.
4.1. Outage Performance Analysis of Grant-Free Access. The
performance of conv-GF and RAMA is analyzed in incremental steps. First of all, we study the channel statistics in
Lemma 1.

2000
PDF

3.3.3. Retransmission. Due to the UEP of RAMA, some
signal layers may not have enough signal to interference and
noise ratio (SINR) to be recovered, and retransmission can
be employed to make use of the received signals. For the
retransmission, either grant-based or grant-free transmission is available depending on specific reliability or latency
requirements.
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Figure 5: Comparison between empirical and analytical distributions of |ℎ𝑡 |2 , with 𝑅1 = 100, 𝑅2 = 10, and 108 samples.

and the cumulative density function (CDF) of |ℎ𝑡𝑚 |2 is
𝑧

𝐹|ℎ𝑡 |2 (𝑧) = ∫

𝑥=0

Lemma 1. For each active user, the probability density function
(PDF) of channel gains at time index-𝑡, i.e., |ℎ𝑡 |2 , is given by

10−3
|ℎ2 |

𝑓|ℎ𝑡𝑚 |2 (𝑥) 𝑑𝑥
2

2

2𝑒−(𝑅1 𝑧)/2 − 2𝑒−(𝑅2 𝑧)/2
.
=1+
𝑧 (𝑅21 − 𝑅22 )

(7)

Proof. Please refer to Appendix A.
(6)

The empirical and analytical distributions of |ℎ𝑡 |2 are
compared in Figure 5, which shows a perfect match. In the
following, we omit the index 𝑡 for simplicity.
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Denote the event that 𝑀ac users become active at time
index-𝑡 as 𝐾𝑀ac , and its probability can be given by
𝑃 (𝐾𝑀ac ) =

(𝜆𝑀)𝑀ac 𝑒−𝜆𝑀
.
𝑀ac !

(8)

Further, define 𝐺{|ℎ1 |2 ,...,|ℎ𝑀 |2 } as the event where the
ac
channel gains of the 𝑀ac active users form the set 𝐻 =
{|ℎ1 |2 , . . . , |ℎ𝑀ac |2 } at time index-𝑡. Note that 𝐺{...,|ℎ𝑖 |2 ,...,|ℎ𝑗 |2 ,...}
and 𝐺{...,|ℎ𝑗 |2 ,...,|ℎ𝑖 |2 ,...} are exactly the same event.
Proposition 2. The PDF of 𝐺{|ℎ1 |2 ,...,|ℎ𝑀𝑎𝑐 |2 } is given by
𝑀𝑎𝑐

 2
𝑃 (𝐺{|ℎ1 |2 ,...,|ℎ𝑀𝑎𝑐 |2 } ) = 𝑀𝑎𝑐 ! ∏ 𝑓|ℎ|2 (ℎ𝑚  ) .

(9)

𝑚=1

Proof. For an active user, the PDF of |ℎ𝑚 |2 is 𝑓|ℎ|2 (|ℎ𝑚 |2 ).
Since the channel coefficients of different users are independent, the joint probability density of channel gain vec𝑀ac
tor (|ℎ1 |2 , |ℎ2 |2 , . . . , |ℎ𝑚 |2 ) is ∏𝑚=1
𝑓|ℎ|2 (|ℎ𝑚 |2 ). We note that
sweeping the elements in 𝐻 does not make it a distinct
event, and there are a total number of 𝑀ac ! permutations of
(|ℎ1 |2 , |ℎ2 |2 , . . . , |ℎ𝑚 |2 ), which corresponds to the same event
𝐺{|ℎ1|2 ,...,|ℎ𝑀 |2 } . Thus the PDF of 𝐺{|ℎ1 |2 ,...,|ℎ𝑀 |2 } is given by
ac

𝑀

ac
𝑓|ℎ|2 (|ℎ𝑚 |2 ).
multiplexing 𝑀ac ! with ∏𝑚=1

ac

Up to now, the channel gains of 𝑀ac users are unordered,
and thus analysis with SIC receiver is hard. However, since
permuting the elements in 𝐻 does not change the set itself,
we can always assume that the set {|ℎ1 |2 , . . . , |ℎ𝑀ac |2 } is sorted
with |ℎ𝑖 | < |ℎ𝑗 | if 𝑖 > 𝑗. The normalization condition of 𝑃𝐺
holds as follows:
∫

𝑧1 ≥⋅⋅⋅≥𝑧𝑀ac ≥0

𝑃 (𝐺{𝑧1 ,...,𝑧𝑀 } ) 𝑑𝑧1 ⋅ ⋅ ⋅ 𝑧𝑀ac = 1.
ac

(10)

Few literatures have considered the outage probability of
uplink NOMA. The work [14] studied the outage probability
of NOMA, where the outage events of the users in the uplink
NOMA system are considered to be mutually independent,
and the user which is successfully recovered is considered
as having no correlation with the remaining users. However,
this argument is incomplete, since the outage event of the
previous users may indicate the channel conditions of the
remaining users. In the following example, we show the
argument in [14] is incomplete.
Example 1. Consider a special two-user uplink NOMA system with unit transmission power and unit-variance Gaussian noise. The ordered channel coefficients, namely, ℎ1 and
ℎ2 (ℎ1 > ℎ2 ), may choose values from the set {2, 3} with
equal probability. Define the outage event of user-𝑖 as 𝐸𝑖 ,
𝑖 = 1, 2, and 𝐸𝑐𝑖 as the complementary set of 𝐸𝑖 . Assume that
the target data rates of both users are 𝑟1 = log2 (1 + 1) = 1
and 𝑟2 = log2 (1 + 3) = 2, respectively. Then we find that
event 𝐸𝑐1 happens only when ℎ1 = 3 and ℎ2 = 2, and, in this
case, 𝐸2 must happen. Otherwise, when 𝐸1 happens, we have
ℎ1 = 3 and ℎ2 = 3,or ℎ1 = 2 and ℎ2 = 2, where 𝐸2 happens

with half probability. As a result, 𝐸1 is correlated to 𝐸2 . In
this example, we see that the outage events of previous users
actually constrain the probability spaces of the channel gains
of the rest of the users and thus influence the outage events.
As illustrated in Example 1, to get the outage probability
of 𝑚th user, it is not appropriate to decompose the outage
event into several independent events. Instead, we directly
deal with the outage event of the active users by applying high
dimensional integration in the following derivations. With
this aim, we define the following outage events to analyze the
outage probability of conv-GF.
Without loss of generality, we assume that all users adopt
conv
the same transmission rate; i.e., 𝑟𝑚
= 𝑟conv , ∀𝑚 [22]. We use
conv
𝐸𝑚,𝑀ac to represent the outage event where the signals of 1st to
(𝑚 − 1)th users are successfully recovered, and the signals of
𝑚th to 𝑀ac th users cannot be recovered. In the following, we
assume capacity achieving channel coding and modulation,
if not specified. Thus 𝐸conv
𝑚,𝑀ac is given by
conv
conv
𝐸conv
𝑟𝑗conv ≥ 𝑟𝑗conv , 1 ≤ 𝑗 < 𝑚, 𝑟̂𝑚
< 𝑟𝑚
},
𝑚,𝑀ac ≜ {̂

(11)

where 𝑟̂𝑗conv = log2 (1 + SINR𝑗conv ) and SINR𝑗conv is the
received SINR of user-𝑚. According to (11), we readily have
the following proposition.
Proposition 3. The conditional probability of event 𝐸𝑐𝑜𝑛V
𝑚,𝑀𝑎𝑐
given 𝐺{|ℎ1 |2 ,...,|ℎ𝑀 |2 } is derived as
𝑎𝑐

{1,
| }) = {
𝑎𝑐
0,
{

𝑃 (𝐸𝑐𝑜𝑛V
𝑚,𝑀𝑎𝑐 | 𝐺{|ℎ1 |2 ,...,|ℎ𝑚 |2 ,...,|ℎ𝑀

2

C𝑐𝑜𝑛V
𝑚,𝑀𝑎𝑐
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

(12)

1 ≤ 𝑚 ≤ 𝑀𝑎𝑐 ,
where 𝜙 = 2𝑟
C𝑐𝑜𝑛V
𝑚,𝑀𝑎𝑐

𝑐𝑜𝑛V

− 1, 1 ≥ 𝑖 ≥ 𝑀𝑎𝑐 , and it is given by

 2
ℎ𝑗  𝑃
{  2
2



= {(ℎ1  , . . . , ℎ𝑀𝑎𝑐  ) | 𝑀   2
𝑎𝑐
ℎ𝑖  𝑃 + 𝜎2
∑𝑖=𝑗+1
 
{

 2
}
ℎ  𝑃
≥ 𝜙, 1 ≤ 𝑗 < 𝑚, 𝑀  𝑚 2
< 𝜙} .
𝑎𝑐
2


∑𝑖=𝑚+1 ℎ𝑖  𝑃 + 𝜎
}

(13)

Averaging (12) over the entire probability space of
𝐺𝑡{𝑧1 ,...,𝑧𝑀 } , we have
𝑎𝑐

𝑃 (𝐸𝑐𝑜𝑛V
𝑚 )=∫

𝑧1 ≥⋅⋅⋅≥𝑧𝑀𝑎𝑐 ≥0

×

𝑃 (𝐸𝑐𝑜𝑛V
| 𝐺{𝑧1 ,...,𝑧𝑀 } )
𝑚

𝑃 (𝐺𝑡{𝑧1 ,...,𝑧𝑀 } ) 𝑑𝑧1
𝑎𝑐

𝑎𝑐

(14)
⋅ ⋅ ⋅ 𝑧𝑀𝑎𝑐 ,

and the exact expression of 𝑃(𝐸𝑐𝑜𝑛V
𝑚,𝑀𝑎𝑐 ) is given by (15).
Due to the noncontinuous max operations in the integral
regions, it is generally difficult to integrate (15) with either
numerical intergeneration or approximation. Therefore, the
exact expressions of (15) which do not contain the max
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operations should be derived. When 𝜙 < 1, the exact
expressions of 𝑃(𝐸𝑐𝑜𝑛V
𝑚,𝑀ac ) can be recursively derived as shown
in Appendix B, which does not involve the max operations.
When 𝜙 ≥ 1, the exact expression of 𝑃(𝐸𝑐𝑜𝑛V
𝑚,𝑀ac ) is given by
(16). Without loss of generality, we assume 𝜙 ≥ 1 in the
following analysis:
+∞

𝑃 (𝐸𝑐𝑜𝑛V
𝑚,𝑀ac ) = 𝑀ac ! ∫

0

+∞

⋅∫

𝑧𝑀ac −1 =𝑧𝑀ac

+∞

𝑧𝑚+1 =𝑧𝑚+2

𝑓|ℎ|2 (𝑧𝑚+1 )

𝑀

ac
𝜙(∑𝑗=𝑚+1
𝑧𝑗 +𝜎2 /𝑃)

𝑓|ℎ|2 (𝑧𝑚 )

⋅∫

𝑧𝑚 =𝑧𝑚+1
+∞

×∫

𝑀ac
𝑧𝑚−1 =max(𝑧𝑚 ,𝜙(∑𝑗=𝑚

⋅⋅⋅∫

𝑧𝑗 +𝜎2 /𝑃))

+∞

𝑀
𝑧1 =max(𝑧2 ,𝜙(∑𝑗=2ac

𝑧𝑗

+𝜎2 /𝑃))

+∞

𝑃 (𝐸𝑐𝑜𝑛V
𝑚,𝑀ac ) = 𝑀ac ! ∫

0

+∞

⋅∫

𝑧𝑀ac −1 =𝑧𝑀ac

(15)

𝑓|ℎ|2 (𝑧𝑀ac )

𝑧𝑚+1 =𝑧𝑚+2

×∫

𝑧𝑚 =𝑧𝑚+1

𝑓|ℎ|2 (𝑧𝑚+1 )

𝑓|ℎ|2 (𝑧𝑚 )

+∞

⋅∫

𝑀

𝑓|ℎ|2 (𝑧𝑚−1 )

𝑀

𝑓|ℎ|2 (𝑧1 ) 𝑑𝑧1 ⋅ ⋅ ⋅ 𝑑𝑧𝑚 ⋅ ⋅ ⋅ 𝑧𝑀ac

ac
𝑧𝑗 +𝜎2 /𝑃)
𝑧𝑚−1 =𝜙(∑𝑗=𝑚

⋅⋅⋅∫

+∞

𝑧1 =𝜙(∑𝑗=2ac 𝑧𝑗 +𝜎2 /𝑃)

(16)

𝑃 (𝐸𝑐𝑜𝑛V )
𝑀

∑∞
𝑀𝑎𝑐 =1

𝑃 (𝐾𝑀𝑎𝑐 ) 𝑀𝑎𝑐

With the similar approach, the outage probability of
RAMA can also be derived as follows:

 2
ℎ𝑘  (1 − 𝛼) 𝑃
≥ 𝜑2 ,
𝑀ac  2
𝑀ac  2
ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑚1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑘+1
 

}
< 𝜑2 , 1 ≤ 𝑖 < 𝑚1 , 1 ≤ 𝑘 < 𝑚2 }
}

Theorem 4. The average outage probability and the throughput of conv-GF are given by

𝑐𝑜𝑛V
𝑎𝑐
∑∞
𝑀𝑎𝑐 =1 𝑃 (𝐾𝑀𝑎𝑐 ) (∑𝑚=1 𝑃 (𝐸𝑚,𝑀𝑎𝑐 ) (𝑀𝑎𝑐 − 𝑚 + 1))

respectively.

 2
ℎ𝑚2  (1 − 𝛼) 𝑃
 
 2
𝑀ac
𝑀ac  2


ℎ  (1 − 𝛼) 𝑃 + 𝜎2
ℎ
∑𝑗=𝑚
𝛼𝑃
+ ∑𝑗=𝑚
 
2 +1  𝑗 
1  𝑗

However, it is still nontrivial to derive a general and
closed-form expression of (16). However, according to the
requirements in [5G traffic model], the average number of
new packets in each time index is at the level of 100 , where
2 is a typical value. Therefore, in Appendix C, we derive
the compact outage expressions of the outage probabilities
for some special cases where active user number is smaller
than or equal to 3, i.e., 𝑀ac ≤ 3, which may constitute
the mainstreams of grant-free transmission in the practice.
Define the outage event of an active user with conv-GF as
𝐸RAMA . Now we are ready to give the expressions of the outage
and throughput performance of conv-GF.

=

𝑚=1

 2
ℎ𝑚1  𝛼𝑃
 
< 𝜑1 ,
2


𝑀ac
𝑀  2


∑𝑗=𝑚1 +1 ℎ𝑗  𝛼𝑃 + ∑𝑗=1ac ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎2

𝑀

ac
𝜙(∑𝑗=𝑚+1
𝑧𝑗 +𝜎2 /𝑃)

𝑀𝑎𝑐 =1

(18)

 2
ℎ𝑖  𝛼𝑃
≥ 𝜑1 ,
2


 2
𝑀ac  
ac 
2
ℎ𝑗  𝛼𝑃 + ∑𝑀


ℎ
∑𝑗=𝑖+1
−
𝛼)
𝑃
+
𝜎
(1


𝑗=1  𝑗 
 

𝑓|ℎ|2 (𝑧1 ) 𝑑𝑧1 ⋅ ⋅ ⋅ 𝑧𝑀ac

+∞

𝑀𝑎𝑐

{  2
2

 


CRAMA,(1)
{𝑚1 ,𝑚2 },𝑀ac = {(ℎ1  , . . . , ℎ𝑀ac  ) |
{

𝑓|ℎ|2 (𝑧𝑚−1 )

𝑓|ℎ|2 (𝑧𝑀ac −1 ) ⋅ ⋅ ⋅ ∫

∞

𝑐𝑜𝑛V
= ∑ (𝑃 (𝐾𝑀𝑎𝑐 ) ∑ (𝑃 (𝐸𝑐𝑜𝑛V
))) ,
𝑚,𝑀𝑎𝑐 ) (𝑚𝑟

Proof. When 𝑀ac users are active in a time index, the average
𝑀ac
𝑃(𝐸conv
amount of the outage users is ∑𝑚=1
𝑚,𝑀ac )(𝑀ac − 𝑚 + 1).
Averaging the above value over (8), we get (17). Similarly,
𝑇RAMA is given by multiplexing the transmission rate of users
with the successfully recovered users, as derived in (18).

𝑓|ℎ|2 (𝑧𝑀ac )

𝑓|ℎ|2 (𝑧𝑀ac −1 ) ⋅ ⋅ ⋅ ∫

𝑇𝑅𝐴𝑀𝐴

,

(17)

CRAMA,(2)
{𝑚1 ,𝑚2 },𝑀ac
=

{  2
2

 
{(ℎ1  , . . . , ℎ𝑀ac  ) |
1≤𝑚1,1 <𝑚1 ,1≤𝑚2,1 ≤𝑚2
{
⋃

CRAMA,(1)
{𝑚1,1 ,𝑚2,1 },𝑀ac ,
 2
ℎ𝑖  𝛼𝑃
≥ 𝜑1 ,
 2
𝑀ac  2
𝑀ac
ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑖+1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑚

1,1 
 2
ℎ𝑚1  𝛼𝑃
 
 2
 2
𝑀ac
𝑀ac
ℎ  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑚1 +1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑚
1,1  𝑗 
 2
(𝑚2 − 𝑚2,1 ) ℎ𝑘  (1 − 𝛼) 𝑃
< 𝜑1 ,
 2
𝑀ac  2
ac
2
ℎ  𝛼𝑃 + ∑𝑀
 
∑𝑗=𝑚
𝑗=𝑘+1 ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎
1  𝑗
≥ (𝑚2 − 𝑚2,1 ) 𝜑2 ,

(19)
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 2
ℎ𝑚2  (1 − 𝛼) 𝑃
 
2


𝑀ac
𝑀ac  2


ℎ  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑚2 +1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑚
1  𝑗

rates, respectively; the proposed Algorithm 1 is the optimal SICbased multiuser detection algorithm of RAMA; i.e., Algorithm 1
achieves the same outage and throughput performance as
Algorithm 2.

}
< 𝜑2 , 𝑚1,1 ≤ 𝑖 < 𝑚1 , 𝑚2,1 ≤ 𝑘 ≤ 𝑚2 } .
}

(20)
4.2. Outage Performance Analysis of RAMA. In this subsection, we analyze the outage performance of RAMA. Without
loss of generality, we assume that each user splits its signal
into two layers with RAMA, since introducing more layers
may lead to severe error propagation [23]. Besides, we
assume all users adopt the same transmission procedure with
the same coefficients and denote 𝑟1RAMA and 𝑟2RAMA as the
transmission rate of the layer-1 and layer-2 at each user,
respectively. The power splitting ratio is defined as 𝛼 for each
user; i.e., the transmission power of layer-1 and layer-2 is 𝛼𝑃
and (1 − 𝛼)𝑃, respectively.
Similar to conv-GF, we denote 𝐸RAMA
{𝑚1 ,𝑚2 },𝑀ac as the outage
event where the 1st to (𝑚1 − 1)th user’s first layers and the 1st
to (𝑚2 − 1)th user’s second layers are successfully recovered,
respectively, while the rest of the layers cannot be recovered.
Furthermore, we assume that layer-1 exhibits higher protection than layer-2; i.e., layer-1 can always be successfully
detected once layer-2 can be successfully detected. Therefore,
𝐸RAMA
{𝑚1 ,𝑚2 },𝑀ac is given by
RAMA
RAMA
𝑟𝑗,1
≥ 𝑟1RAMA , 1 ≤ 𝑗 < 𝑚1 , 𝑟̂𝑘,2
𝐸RAMA
{𝑚1 ,𝑚2 },𝑀ac ≜ {̂
RAMA
RAMA
≥ 𝑟2RAMA , 1 ≤ 𝑘 < 𝑚2 , ̂𝑟𝑚
< 𝑟1RAMA , 𝑟̂𝑚
1 ,1
2 ,2

<

To model the effect of SIC receiving, we define 𝐸RAMA,(𝑠)
{𝑚1 ,𝑚2 },𝑀ac
as the outage event that, after 𝑠th iteration in Algorithm 2,
𝑚1 th user’s first layer and 𝑚2 th user’s second layer cannot be
successfully decoded, with the 1st to (𝑚1 − 1)th user’s first
layers and the 1st to (𝑚2 − 1)th user’s second layers, when
𝑀ac users are active. In this case, 𝑚1 ≥ 𝑚2 .
Proposition 6. The conditional probability
𝐸𝑅𝐴𝑀𝐴,1
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 given 𝐺{|ℎ1|2 ,...,|ℎ𝑀 |2 } is derived as
𝑃 (𝐸𝑅𝐴𝑀𝐴,(1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 | 𝐺{|ℎ1 |2 ,...,|ℎ𝑀

𝑎𝑐

RAMA
RAMA
RAMA
where 𝑟̂𝑗,𝑙
= log2 (1 + SINR𝑗,𝑙
) and SINR𝑗,𝑙
is the
received SINR of the 𝑙th layer of the 𝑗th user. Due to the fact
that the 1st layer exhibits higher protection than the 2nd layer,
we always have 𝑚1 ≥ 𝑚2 . Besides, we define the outage event
, which happens when at least
of active users, namely, 𝐸RAMA
𝑚
1 layer of the 1st to (𝑚 − 1)th users is recovered, and none of
the layers of 𝑚th to 𝑀ac th users is successfully decoded, and
can be readily defined as
𝐸RAMA
𝑚

1 ≤ 𝑚2 ≤ 𝑚.

of

event

𝑎𝑐

(21)

𝑟2RAMA } ,

≜ ⋃ 𝐸RAMA
𝐸RAMA
𝑚
{𝑚,𝑚2 },𝑀ac ,

Proof. First of all, we note that Algorithm 1 traverses all
possible successive cancellation orders, and therefore it is the
optimal multiuser detection algorithm based on SIC. Next,
we show the optimality of Algorithm 2 by contradiction.
Assume that the 𝑙th layer of the 𝑚th user happens to be
decoded by Algorithm 1 but not by Algorithm 2. According to
the assumptions of this paper, the 1st to 𝑙th layers of the 1st to
(𝑚−1)th users and the 1st to (𝑙−1)th layers of the 𝑚th user can
be successfully recovered by both Algorithms 1 and 2. After
cancelling the aforementioned layers, the 𝑙th layer of 𝑚th
users is the most reliable layer among the remaining signal
layers. Therefore, Algorithm 1 will recover this layer while
regarding other layers as noise, according to the assumption.
However, Algorithm 2 can also decode this layer just as
Algorithm 1, which contradicts the assumption. After all,
Algorithm 2 is optimal.

 2
𝑅𝐴𝑀𝐴,(1)
2

{
{1, {(ℎ1  , . . . , ℎ𝑀𝑎𝑐  ) ∈ C{𝑚1 ,𝑚2 },𝑀𝑎𝑐 } ,
={
{
{0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

Lemma 5. Assume that all users split and encode their signals
with the same power coefficients and the same transmission

(23)

1 ≤ 𝑚1 ≤ 𝑀𝑎𝑐 , 1 ≤ 𝑚2 ≤ 𝑀𝑎𝑐 ,
𝑅𝐴𝑀𝐴

𝑟𝑖
−
and C𝑅𝐴𝑀𝐴,(1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 is a region given by (19), where 𝜑𝑖 = 2
1, 1 ≤ 𝑖 ≤ 2.
Similarly, 𝑃(𝐸𝑅𝐴𝑀𝐴,(2)
{𝑚 ,𝑚 },𝑀 | 𝐺{|ℎ1|2 ,...,|ℎ𝑚 |2 ,...,|ℎ𝑀 |2 } ) is given by
1

(22)

As mentioned before, Algorithm 1 is the optimal SICbased multiuser detection algorithm for RAMA. However,
since Algorithm 1 involves a traversing operation, which does
not have an exact mathematical expression, we study the
performance of RAMA by assuming Algorithm 2. Before that,
we first show the optimality of the proposed Algorithm 2 by
Lemma 5.

|2 } )

2

𝑎𝑐

𝑎𝑐

𝑃 (𝐸𝑅𝐴𝑀𝐴,(2)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 | 𝐺{|ℎ1 |2 ,...,|ℎ𝑚 |2 ,...,|ℎ𝑀

𝑎𝑐

|2 } )

 2
𝑅𝐴𝑀𝐴,(2)
2

{
{1, {(ℎ1  , . . . , ℎ𝑀𝑎𝑐  ) ∈ C{𝑚1 ,𝑚2 },𝑀𝑎𝑐 } ,
={
{
{0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,
1 ≤ 𝑚1 ≤ 𝑀𝑎𝑐 , 1 ≤ 𝑚2 ≤ 𝑀𝑎𝑐 ,
where, C𝑅𝐴𝑀𝐴,(2)
{𝑚 ,𝑚 },𝑀 is a region given by (20).
1

2

𝑎𝑐

(24)
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 2
(𝑚2 − 𝑚2,𝑠 ) ℎ𝑘  (1 − 𝛼) 𝑃
< 𝜑1 ,
 2
𝑀𝑎𝑐  2
𝑎𝑐
2
ℎ  𝛼𝑃 + ∑𝑀
 
∑𝑗=𝑚
𝑗=𝑘+1 ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎
1  𝑗

Using mathematical induction, the general expression of
𝑃(𝐸𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚 ,𝑚 },𝑀 | 𝐺{|ℎ1 |2 ,...,|ℎ𝑚 |2 ,...,|ℎ𝑀 |2 } ) is given by
1

2

𝑎𝑐

𝑎𝑐

𝑃 (𝐸𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 | 𝐺{|ℎ1|2 ,...,|ℎ𝑚 |2 ,...,|ℎ𝑀

𝑎𝑐

≥ (𝑚2 − 𝑚2,𝑠 ) 𝜑2 ,

|2 } )

 2
𝑅𝐴𝑀𝐴,(𝑠+1)
2

{
{1, {(ℎ1  , . . . , ℎ𝑀𝑎𝑐  ) ∈ C{𝑚1 ,𝑚2 },𝑀𝑎𝑐 } ,
={
{
{0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

 2
ℎ𝑚2  (1 − 𝛼) 𝑃
 
 2
𝑀𝑎𝑐
𝑀𝑎𝑐  2


ℎ  (1 − 𝛼) 𝑃 + 𝜎2
ℎ
∑𝑗=𝑚
𝛼𝑃
+ ∑𝑗=𝑚
 
2 +1  𝑗 
1  𝑗

(25)

}
< 𝜑2 , 𝑚1,𝑠 ≤ 𝑖 < 𝑚1 , 𝑚2,𝑠 ≤ 𝑘 ≤ 𝑚2 } .
}

1 ≤ 𝑚1 ≤ 𝑀𝑎𝑐 , 1 ≤ 𝑚2 ≤ 𝑀𝑎𝑐 ,

(26)
and

C𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐

is a region given by

𝑃(𝐸𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 ) is given by averaging (25) over (9) as
follows:

C𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐
=

𝑃 (𝐸𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 )
∞

{  2
2

 
{(ℎ1  , . . . , ℎ𝑀𝑎𝑐  ) |
1≤𝑚1,𝑠 <𝑚1 ,1≤𝑚2,𝑠 ≤𝑚2
{

= 𝑀𝑎𝑐 ! ∑ ∫

⋃

𝑀𝑎𝑐 =0 𝑧1 >⋅⋅⋅>𝑧𝑙 >0

𝑃 (𝐸𝑅𝐴𝑀𝐴,(𝑠+1)
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 | 𝐺{𝑧1 ,...,𝑧𝑀𝑎𝑐 } ) (27)

⋅ 𝑃 (𝐺{𝑧1 ,...,𝑧𝑀 } ) 𝑑𝑧1 ⋅ ⋅ ⋅ 𝑧𝑀𝑎𝑐 .

C𝑅𝐴𝑀𝐴,(𝑠)
{𝑚1,𝑠 ,𝑚2,𝑠 },𝑀𝑎𝑐 ,

𝑎𝑐

 2
ℎ𝑖  𝛼𝑃
≥ 𝜑1 ,
𝑀𝑎𝑐  2
𝑀𝑎𝑐  2
ℎ𝑗  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑖+1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑚

1,𝑠 

We define the outage event of an active user, i.e., 𝐸𝑅𝐴𝑀𝐴 ,
to be event where none of its signal layers are successfully
decoded by the BS. The outage performance of RAMA is
shown in Theorem 7.

 2
ℎ𝑚1  𝛼𝑃
 
2


𝑀𝑎𝑐
𝑀𝑎𝑐  2


ℎ  (1 − 𝛼) 𝑃 + 𝜎2
∑𝑗=𝑚1 +1 ℎ𝑗  𝛼𝑃 + ∑𝑗=𝑚
1,𝑠  𝑗 

Theorem 7. The exact expressions of the average outage
probability and the average throughput of RAMA after 𝑠th SIC
are given by (28) and (29), respectively.
𝑀

𝑅𝐴𝑀𝐴

𝑃 (𝐸

𝑀

𝑅𝐴𝑀𝐴,(𝑠)
𝑎𝑐
𝑎𝑐
∑∞
𝑀𝑎𝑐 =1 (𝑃 (𝐾𝑀𝑎𝑐 ) ∑𝑚1 =1 ((∑𝑚2 =1 𝑃 (𝐸{𝑚 ,𝑚 },𝑀 )) (𝑀𝑎𝑐 − 𝑚1 + 1)))

)=

1

2

∑∞
𝑀𝑎𝑐 =1 𝑃 (𝐾𝑀𝑎𝑐 ) 𝑀𝑎𝑐
∞

𝑀𝑎𝑐

𝑀𝑎𝑐

𝑀𝑎𝑐 =1

𝑚1 =1

𝑚2 =1

𝑎𝑐

,

(28)

𝑅𝐴𝑀𝐴
𝑇𝑅𝐴𝑀𝐴 = ∑ (𝑃 (𝐾𝑀𝑎𝑐 ) ∑ ( ∑ (𝑃 (𝐸𝑅𝐴𝑀𝐴,(𝑠)
+ 𝑚2 𝑟2𝑅𝐴𝑀𝐴 )))) .
{𝑚1 ,𝑚2 },𝑀𝑎𝑐 ) (𝑚1 𝑟1

Proof. The proof is similar to the proof of Theorem 4.
As mentioned before, RAMA introduces multiple layers
at the transmitters; therefore the power and transmission
rates allocation among different layers can act as an additional
degree of freedom to match the statistical characteristics of
interference and to further enhance the network throughput
of RAMA. The optimal power and transmission rates of
RAMA are given by
max

𝛼,𝑟1RAMA ,𝑟2RAMA

s.t.

𝑇RAMA ,
𝑟1RAMA + 𝑟2RAMA = 𝑟conv
0 ≤ 𝛼 ≤ 1.

(30)

(29)

Note that conv-GF only considers a single signal layer,
and thus it is not as adjustable as RAMA.
4.3. Comparisons. In this subsection, we compare the outage
performance achieved by conv-GF and RAMA. First of all,
we note that, by setting 𝛼 = 1, 𝜑1 = 𝜙 and 𝜑2 = 0 in (30),
the outage and throughput performance of RAMA are exactly
the same as conv-GF. Therefore, it is straightforward that
RAMA outperforms conv-GF with sophisticatedly designed
parameters.
To visually illustrate the advantage of RAMA with
respect to the outage performance, we compare the complementary outage regions of conv-GF and RAMA, i.e.,
RAMA,(𝑠)
𝑐
𝑐
(⋃1≤𝑚≤𝑀ac Cconv
𝑚,𝑀ac ) and (⋃1≤𝑚1 ,𝑚2 ≤𝑀ac C{𝑚 ,𝑚 },𝑀 ) , with
1

2

ac
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𝑀ac = 2 and 3, as shown in Figures 6 and 7, respectively.
In the simulation, conv-GF and RAMA are set with the
same transmission rates which takes value in {0.8, 1, 1.2}. The
transmission rates and the power coefficients of RAMA are
optimized according to (30). In Figure 6, the black cycles
represent all possible realizations of 𝐻 with 𝑀ac = 2,
and the red crosses represent the realizations of 𝐻 such
that the signals of the two users are successfully recovered.
We found that, with the increase of total transmission
rate, i.e., 𝜙, the outage performance of conv-GF becomes
worse, while RAMA can achieve successful transmissions
with almost all channel realizations. In Figure 7, the black
dots represent all possible realizations of 𝐻 with 𝑀ac =
3, and the red cycled points represent the realizations of
𝐻 such that the three users can be successfully recovered.
The advantage of RAMA over conv-GF with respect to the
outage performance with 𝑀ac = 3 is more significant than
𝑀ac = 2, which validate the robustness of RAMA. We also
observe that when the interference among users is severe,
i.e., the areas selected by cycles in Figures 6(b), 7(b), 6(c),
and 7(c), conv-GF cannot ensure successful transmissions,
while RAMA still achieves high throughput. To sum up,
RAMA achieves high data rate in low interference region,
while the robustness can also be assured in high interference
region.

5. RAMA Amenable Constellations
In the above analysis, we have considered the ideal situation
where Gaussian-distributed continuous alphabet is assumed
at the transmitter. However, only finite alphabets can be
deployed in practice. Therefore, we focus on the design
and optimization of RAMA amenable constellations in this
section.
The RAMA amenable constellations are composed of
several subconstellations, where each subconstellation corresponds to a signal layer at transmitter. We call the equivalent
channel experienced by each signal layer as a subchannel,
as mentioned in Section 3.2. To facilitate RAMA, our aim
is to construct the subchannels such that they have UEP.
Corresponding to the two options in Step 3 of the RAMA
scheme in Section 3.2, we propose two methods to design

𝑚 (𝜗𝑚 ) =

∑
𝑥1 ∈X𝑡𝑚 (𝜆𝑚 ,𝜗𝑡𝑚 )

log (

RAMA amenable constellations as well as the subchannels in
the following.
5.1. Overlapping Method. Corresponding to option 1 in Step
3 of RAMA, we propose the overlapping method, where
the composite constellation is constructed by overlapping
𝑛/log2 (|X(𝜆𝑡 ,𝜗𝑡 ) |)
𝑚 𝑚
several base constellations, i.e., {X(𝜆𝑡𝑚 ,𝜗𝑡𝑚 ) }
, as
shown in (6). In Figure 8, we show two examples of the
RAMA amenable constellations, where BPSK and QPSK are
employed as the basic building blocks. When the power
coefficients, i.e., 𝜆 1 and 𝜆 2 , of different base constellations
are different, the bits in the composite constellation normally
have different constellation constrained capacity. Therefore,
we regard each bit (or several bits) as a subchannel where
one signal layer can be transmitted, as shown in Figures
8(a) and 8(b), respectively. We note that, with the proposed
constellations, even all signal layers are encoded with the
same coding rate (to save the hardware resources), and they
still exhibit UEP property, which facilitates the SIC receiving
of RAMA.
Furthermore, the power coefficients, i.e., 𝜆𝑡𝑚 , and rotation
angles, i.e., 𝜗𝑡𝑚 shall be optimized to adapt to RAMA. In
this paper, we sequentially optimize these coefficients. The
optimization of 𝜆𝑡𝑚 includes the following three steps.
Step 1. Define different reliability levels for different subchannels, e.g., different BLER targets for the codewords
transmitted in different subchannels.
Step 2. Map the reliability levels to the capacity of different
subchannels.
Step 3. Adjust 𝜆𝑡𝑚 to meet the capacity requirements of
different subchannels.
With the fixed 𝜆𝑡𝑚 , 𝜗𝑡𝑚 should be optimized to achieve
optimal constellation constrained capacity. When the overlapped layers at transmitter are set to 2, optimal rotation
angles can be derived by
max 𝑚 (𝜗𝑡𝑚 ) ,
𝜗𝑚

where 𝑚(𝜗𝑚 ) is given by [24]

1
1 
2
exp (− 2 𝑥1 − 𝑥2  ))
2


𝑡
𝑡

4𝜎
𝑡
𝑡 
𝑡


𝑥2 ∈X𝑚 (𝜆𝑚 ,𝜗𝑚 ) X𝑚 (𝜆𝑚 , 𝜗𝑚 )
∑

5.2. Bundling Method. When high-order constellations are
applied in RAMA, as illustrated in option 2 of Step 3 in
Section 3.2, we propose the bundling method to construct
subchannels, where different numbers of bits are bundled
for different subchannels. We show an example in Figure 9,
where a 16-QAM constellation is employed as the composite
constellation of RAMA. We use the first bit as subchannel-1

(31)

(32)

and the remaining three bits as subchannel-2. Suppose that
high priority data stream and low priority data stream are
transmitted in subchannel-1 and subchannel-2, respectively.
To ensure that high priority data stream is better protected,
low-rate channel coding should be adopted. After cancelling
the signal transmitted in subchannel-1, the residual constellation is shown at the right-hand side of Figure 9.
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Figure 6: Comparison on the complementary outage regions of conv-GF and RAMA with 𝑀ac = 2. The SNR of each user is 10 dB.
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We note that the distances between the constellation
points in the composite constellation cannot be arbitrarily
adjusted. Therefore the UEP property is mainly offered by
using different coding rates at different signal layers, which
may lead to heavy burden on hardware resources. This fact
makes the bundling method less flexible compared with the
overlapping method.

6. Simulation Results
In this section, we evaluate the performance of the proposed
RAMA scheme. First of all, we assume that Gaussiandistributed continuous alphabet and ideal SIC receiving are
applied at the transmitter and the receiver, respectively. Based
on these settings and the theoretical analysis in Section 4,
we compare the outage and throughput performance of
RAMA with that of the conv-GF [22]. Next, we validate
the advantages of RAMA in practical situations, where the
RAMA amenable constellations designed in Section 5 and
realistic MMSE-SIC receiver are assumed.
6.1. Ideal Settings. As mentioned before, we assume Gaussian-distributed continuous alphabet and ideal SIC receiving.
Figures 10 and 11 compare the analytical and simulation
results of conv-GF and RAMA, with 𝑀 = 100, 𝑅1 = 100,
and 𝑅2 = 10. The average SNR of each user is assumed as

10 dB. The analytical results of conv-GF and RAMA which
are, respectively, shown by “◻” and “ ⃝ ” is derived by (17)
and (28), respectively, via Monte-Carlo sampling method.
The upper bounds of the outage performance of conv-GF,
which are shown by dashed lines, are derived by integrating
the results in Appendix C into (17) and setting 𝑃(𝐸conv
1,𝑀ac ) =
1, 𝑀ac > 3. The upper bound is more tight when 𝜙
becomes larger, since the outage probability raises sharply
when 𝑀ac > 3. The simulation results show that RAMA can
simultaneously achieve higher throughput and lower outage
probability than conv-GF.
In the simulation, we consider a special case, namely,
“single-layer,” where only layer-1 of each user is transmitted
in RAMA and layer-2 is assumed as noise. Figures 10(b) and
11(b) show that the outage performance can be enhanced
compared with conv-GF; however, the gains are much smaller
than RAMA. These results validate that the outage performance gain of RAMA comes from two aspects: first of all,
layer-1 of each user has high protection property due to its
low coding rate and high power ratio; secondly, the layered
structure facilitates the interference cancellation and further
enhances the outage performance, since the users with small
channel gains can benefit from the cancellation of highly
protected layers of the users with large channel gains, and
this is different from conv-GF where the signals of the users
should be entirely recovered before cancellation.
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6.2. Realistic Settings. In this subsection, we conduct a
link level simulation of conv-GF and RAMA with realistic
settings. We assume a single-cell OFDM-based uplink system
with single antenna at both the BS and the user. The number
of users is 100, and the activation probability varies from
0.002 to 0.06. The average received SNR of each user is
assumed to take value from [4, 20] dB uniformly [25]. We
also assume that the small-scale channel coefficients follows
Rayleigh fading, and the correlation coefficients among the

small-scale channels of the symbols within a transmission
block are set as 0.2, 0.5, and 0.8, where the larger the
correlation coefficient, the flatter the wireless channel.
For conv-GF, we apply 1/3 rate Turbo coding and QPSK
modulation, while, for RAMA, we assume 𝐿 𝑚 = 2 with 1/3
rate Turbo coding for both layers and apply the constellation
provided in Figure 8(a) with 𝜆 1 /𝜆 2 = 2, 4, 6. The length of
information bits is assumed as 1024. At the receiver, we apply
Algorithm 2 to separate different users signals. Specifically,
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Table 1: Simulation parameters.
Parameters
User number
Activation probability
Waveform
Average received SNR
Small scale channel model
Transmission mode
Length of information bits
Channel coding
Modulation of conv-GF
Modulation of RAMA
Channel estimation
Receiver

Values or Assumptions
100
0.002 : 0.002 : 0.06
OFDM
Uniformly distributed in [4, 20] dB
Rayleigh fading, with correlation coefficients, equals 0.2, 0.5, and 0.8
TM 1 (SISO)
1024
1/3 rate Turbo
QPSK
Use Figure 8(a) with 𝜆 1 /𝜆 2 = 2, 4, 6
Ideal
MMSE-SIC

minimum mean square error (MMSE) detection is employed
in Step 1 of Algorithm 2, which is given by [26]
𝐻

𝐻

x̂𝑚,𝑙 = (ℎ𝑡𝑚 ) ( ∑ ℎ𝑡𝑚 (ℎ𝑡𝑚 ) + 𝜎𝐼2 ) y,

(33)

𝐼𝑗𝑡 =1,𝑗=𝑚
̸

where x̂𝑚,𝑙 is the estimated signal of 𝑚th user. Note that
another advanced demodulation technique, e.g., message
passing algorithm (MPA), is not precluded in RAMA. The
detailed simulation settings can be found in Table 1.
Figures 12 and 13 compare the throughput and the outage
performance of conv-GF and RAMA. Generally, the system
throughput enhances with the increase of the channel correlation coefficients, i.e., 𝛾. With elaborately selected power
coefficients of constellation, RAMA achieves larger throughput, as well as lower outage probability than conv-GF. This
result also reflects that the fairness among grant-free users is
improved with RAMA. Moreover, the performance gains of
RAMA are more significant when the underlaying physical
channel is not flat. Besides, we also observe that RAMA
achieves high robustness when the activation probability goes
larger (e.g., 𝛾 = 0.06), while conv-GF experiences significant
drop in total throughput.

Joint Design with Spreading-Based NOMA. In this paper,
we have mainly focused on the grant-free transmission
based on the power domain NOMA, where symbol level
spreading is not included. RAMA can also codeploy with
other state-of-the-art NOMA schemes, where the main idea
is to incorporate multiple independent signal layers at the
transmitter.
Location-Based Access. Although the grant-free users cannot
acquire the accurate channel information, they may estimate
their large scale channel coefficients, e.g., via reference signal
receiver power (RSRP) at the downlink. This side information
may serve as an important factor based on which the grantfree users choose suitable power and transmission data rates
for different layers in RAMA.
Error Propagation. Since multiple layers are introduced in
RAMA, a natural problem is the error propagation among
different layers during SIC receiving. This issue may be
addressed by deploying the joint-detection based receiver,
which also requires further study.

Appendix
A. Proof of Lemma 1

7. Conclusion and Future Work
In this paper, we have proposed the RAMA scheme for uplink
grant-free data transmission. By employing layered signal
structure at the transmitter and intra- and interuser SIC at
the receiver, the proposed RAMA scheme achieves significant
throughput and outage performance gain over conv-GF,
which have been validated by analysis and simulations. The
actual transmission data rate can adapt to the actual channel
conditions of active users, which cannot be foreseen. RAMA
also achieves high robustness when the activation probability
of the users is large. Despite all this improvement, we discuss
some open issues of RAMA that are worth further study in
the following.

As assumed, the users are uniformly distributed in the cell.
Therefore the PDF of the distance between the users and the
BS is given by
𝑓𝑟 (V) =

2V
,
𝑅21 − 𝑅22

𝑅2 ≤ V ≤ 𝑅1 .

(A.1)

The PDF of the square of the distance, i.e., 𝑥 = V2 , is


𝑓𝑟2 (𝑦) = 𝑓𝑟 (𝑦−1/2 ) (𝑦−1/2 )𝑦 =
1
,
= 2
𝑅1 − 𝑅22

𝑅22

≤𝑦≤

2𝑥1/2
1
( 𝑥−1/2 )
𝑅21 − R22 2
𝑅21 .

(A.2)
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Figure 12: Comparison on the throughput performance between conv-GF and RAMA.

The square of the magnitude of the small-scale fading
coefficient follows the 𝜒2 (V) distribution with two degrees of
freedom, i.e., V = 2, and is given by
1 −𝑥/2
𝑒
.
2
Then, by integrating (A.2) and (A.3), we have
𝑓|𝑔|2 (𝑥) =

∞

𝑓|ℎ|2 (𝑧) = ∫ 𝑓|𝑔|2 (𝑧𝑦) 𝑓𝑟2 (𝑦) 𝑦 𝑑𝑦
0

=∫

𝑑21

𝑑22

1 −𝑧𝑦/2 1
2
𝑒
𝑦 𝑑𝑦 = 2 2
2
2
2
𝑅1 − 𝑅2
𝑧 (𝑅1 − 𝑅22 )

(A.3)

𝑑21

⋅ ∫ 𝑒−𝑧𝑦/2 (
𝑑22

=

𝑧𝑦
𝑧𝑦
)𝑑( )
2
2

2
1
(𝑒−𝑅2 𝑧/2 (𝑅22 𝑧 + 2)
𝑧2 (𝑅21 − 𝑅22 )
2

− 𝑒−𝑅1 𝑧/2 (𝑅21 𝑧 + 2)) ,
(A.4)
where the last equation is due to ∫ 𝑒−𝑡 𝑡 𝑑𝑡 = −𝑡𝑒−𝑡 − 𝑒−𝑡 + 𝐶.
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Figure 13: Comparison on the outage probability between conv-GF and RAMA.

The CDF of 𝑓|ℎ|2 (𝑧) is calculated as follows. We note that
the indefinite integration of 𝑓|ℎ|2 (𝑧) is given by

2

ℎ (𝑧) = ∫ 𝑓|ℎ|2 (𝑧) 𝑑𝑧 =

2

2𝑒−(𝑅1 𝑧)/2 − 2𝑒−(𝑅2 𝑧)/2
,
𝑧 (𝑅21 − 𝑅22 )

(A.5)

where ℎ(𝑧) → −1, 𝑧 → 0+ . The CDF of |ℎ|2 is given as
𝐹|ℎ|2 (𝑧) = ℎ (𝑧) − ℎ (0) = 1 + ℎ (𝑧) ,
𝑃 (𝐸conv,𝑡
𝑚,𝑀ac ) = 𝑀ac ! × ∫

+∞

0

𝑀

×∫

ac
𝜙(∑𝑗=𝑚+1
𝑧𝑗 +𝜎2 /𝑃)

𝑧𝑚 =𝑧𝑚+1

(A.6)
+∞

𝑓|ℎ𝑡 |2 (𝑧𝑀ac ) ∫

𝑧𝑀ac −1 =𝑧𝑀ac

𝑓|ℎ𝑡 |2 (𝑧𝑀ac −1 ) × ⋅ ⋅ ⋅ × ∫

𝑧𝑚+1 =𝑧𝑚+2

+∞

𝑓|ℎ𝑡 |2 (𝑧𝑚 ) × ∫

+∞

𝑀

ac
𝑧𝑗 +𝜎2 /𝑃))
𝑧𝑚−1 =max(𝑧𝑚 ,𝜙(∑𝑗=𝑚

𝑓|ℎ𝑡 |2 (𝑧𝑚−1 ) × ⋅ ⋅ ⋅

𝑓|ℎ𝑡 |2 (𝑧𝑚+1 )
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𝑓|ℎ𝑡 |2 (𝑧3 ) ∫
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𝑓|ℎ𝑡 |2 (𝑧1 )
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𝑀
𝑀
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𝑧3 =max(𝑧4 ,𝜙(∑𝑗=4ac 𝑧𝑗 +𝜎2 /𝑃))
𝑧2 =max(𝑧3 ,(𝜙/(1−𝜙))(∑𝑗=3ac +𝜎2 /𝑃))
𝑧1 =𝑧2
I1
[
]
+∞
]
𝑡 2 (𝑧 ) ∫
𝑡 2 (𝑧 ) ∫
𝑡 2 (𝑧 )] 𝑑𝑧 ⋅ ⋅ ⋅ 𝑧
+∫
𝑓
𝑓
𝑓
|ℎ
|
3
|ℎ
|
2
|ℎ
|
1
𝑀ac
𝑀ac
𝑀ac
𝑀ac
2
2
2
] 1
𝑧3 =max(𝑧4 ,𝜙(∑𝑗=4 𝑧𝑗 +𝜎 /𝑃))
𝑧2 =max(𝑧3 ,𝜙(∑𝑗=3 +𝜎 /𝑃))
𝑧1 =𝜙(∑𝑗=2 𝑧𝑗 +𝜎 /𝑃)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
I2
]
𝑀

(𝜙/(1−𝜙))(∑𝑗=3ac +𝜎2 /𝑃)

+∞

(A.7)
𝐼1 = ∫

+∞
𝑀

𝑧3 =max(𝑧4 ,𝜙(∑𝑗=4ac 𝑧𝑗 +𝜎2 /𝑃))

𝐼2 = ∫

+∞

𝑧3 =𝑧4

𝑓|ℎ𝑡 |2 (𝑧3 ) ∫

+∞
𝑀

𝑧2 =(𝜙/(1−𝜙))(∑𝑗=3ac +𝜎2 /𝑃)

𝑀

𝑓|ℎ𝑡 |2 (𝑧3 ) ∫

(𝜙/(1−𝜙))(∑𝑗=3ac +𝜎2 /𝑃)

𝑓|ℎ𝑡 |2 (𝑧2 ) ∫

+∞

𝑧1 =𝑧2

+∞

𝑀
𝑧1 =𝜙(∑𝑗=2ac

𝑧2 =𝑧3

𝑓|ℎ𝑡 |2 (𝑧2 ) ∫

𝑧𝑗 +𝜎2 /𝑃)

𝑓|ℎ𝑡 |2 (𝑧1 ) ,

𝑓|ℎ𝑡 |2 (𝑧1 ) + ∫

(A.8)

+∞
𝑀

𝑧3 =max(𝑧4 ,𝜙(∑𝑗=4ac 𝑧𝑗 +𝜎2 /𝑃))

𝑓|ℎ𝑡 |2 (𝑧3 )
(A.9)

𝑀

⋅∫

(𝜙/(1−𝜙))(∑𝑗=3ac +𝜎2 /𝑃)

+∞

𝑓|ℎ𝑡 |2 (𝑧2 ) ∫

𝑀

𝑧2 =𝜙(∑𝑗=3ac +𝜎2 /𝑃)

𝑀

𝑧1 =𝜙(∑𝑗=2ac 𝑧𝑗 +𝜎2 /𝑃)

𝑓|ℎ𝑡 |2 (𝑧1 ) .

B. Recursive Expression of (15)
We assume that 𝜙 ≥ 1/2 in the following derivation, where
the derivation with 𝜙 < 1/2 follows the same approach.
To eliminate the max operations and derive the exact
expressions of (15), we consider two cases, i.e., 𝑧2 ≥
𝑀
𝑀
𝜙(∑𝑗=2ac +𝜎2 /𝑃) and 𝑧2 < 𝜙(∑𝑗=2ac +𝜎2 /𝑃), where 𝑧2 ≥
𝑀
𝜙))(∑𝑗=3ac

𝑀
𝜙))(∑𝑗=3ac

2

2

+𝜎 /𝑃) and 𝑧2 ≥ (𝜙/(1 −
+𝜎 /𝑃),
(𝜙/(1 −
respectively. Therefore, (15) is given by (A.7), where 𝐼1 and 𝐼2
can be further simplified in the following.
Observe that 1 > 𝜙 ≥ 1/2, 𝐼1 can be simplified as
derived in (A.8). Besides, to eliminate the max operation
𝑀
in 𝐼2 , we consider two cases, i.e., 𝑧3 ≥ 𝜙(∑𝑗=3ac +𝜎2 /𝑃) and
𝑧2 <

𝑀
𝜙(∑𝑗=3ac

2

+𝜎 /𝑃), where 𝑧3 ≥ (𝜙/(1 −
𝑀
𝜙))(∑𝑗=4ac

2

𝑀
𝜙))(∑𝑗=4ac

+𝜎 /𝑃)

2

𝑧1 =0

𝑓|ℎ𝑡 |2 (𝑧1 ) 𝑑𝑧1 = 𝐹|ℎ𝑡 |2 (
2

𝑧1 =𝑧2

𝜙𝜎2
)
𝑃

2

+∞

𝑓|ℎ𝑡 |2 (𝑧2 ) 𝑑𝑧1 𝑑𝑧2 = 2 ∫

𝑧2 =0

𝑓|ℎ𝑡 |2 (𝑧2 )

(C.2)

⋅ (𝐹|ℎ𝑡 |2 (𝜙 (𝑧2 + 𝜎2 /𝑃)) − 𝐹|ℎ𝑡 |2 (𝑧2 )) 𝑑𝑧2
= 2 (F (+∞) − F (0)) − 1,
𝑃 (𝐸conv
2,2 ) = 2! ∫

𝜙𝜎2 /𝑃

𝑧2 =0

⋅∫

+∞

𝑧1 =𝜙(𝑧2 +𝜎2 /𝑃)
𝜙𝜎2 /𝑃

𝑓|ℎ𝑡 |2 (𝑧2 )

𝑓|ℎ𝑡 |2 (𝑧1 ) 𝑑𝑧1 𝑑𝑧2

𝑓|ℎ𝑡 |2 (𝑧2 )

= 2 (𝐹|ℎ𝑡 |2 (𝜙 (

2

2𝑒−(𝑅1 𝜙𝜎 /𝑃)/2 − 2𝑒−(𝑅2 𝜙𝜎 /𝑃)/2
.
=1+
𝜙𝜎2 (𝑅21 − 𝑅22 ) /𝑃

𝑓|ℎ𝑡 |2 (𝑧2 )

⋅ (𝐹|ℎ𝑡 |2 (+∞) − 𝐹|ℎ𝑡 |2 (𝜙 (𝑧2 +

(C.1)
2

⋅∫

𝜙(𝑧2 +𝜎2 /𝑃)

𝑧2 =0

Assuming 𝑀ac = 1, 𝑃(𝐸conv
1,1 ) is given by

+∞

𝑧2 =0

= 2∫

C. Proof of Proposition 6

𝜙𝜎 /𝑃

𝑃 (𝐸conv
1,2 ) = 2! ∫

2

+𝜎 /𝑃), respectively. And 𝐼2 is
and 𝑧3 ≥ (𝜙/(1 −
given by (A.9). Till now, the max operations related to 𝑧1 and
𝑧2 are completely eliminated. By recursively conducting the
procedures between (A.7) and (A.9), the exact expression of
(15) can be derived.

𝑃 (𝐸conv
1,1 ) = ∫

by

conv
Furthermore, if 𝑀ac = 2, 𝑃(𝐸conv
1,2 ) and 𝑃(𝐸2,2 ) are given

+ F (0)) .

(C.3)
2

𝜎
))) 𝑑𝑧2
𝑃

𝜎2
𝜎2
)) − F (𝜙 ( ))
𝑃
𝑃

Wireless Communications and Mobile Computing

21

respectively, where
F (𝑧) = ∫ 𝑓|ℎ𝑡 |2 (𝑧) 𝐹|ℎ𝑡 |2 (𝜙 (𝑧 +

2

𝜎
)) 𝑑𝑧.
𝑃

(C.4)

Assume high SNR and 𝜙 = 1, and (C.4) can be calculated as
F(𝑧) = (1/2)(𝐹(𝑧))2 .
conv
conv
When 𝑀ac = 3, 𝑃(𝐸conv
1,3 ), 𝑃(𝐸2,3 ), and 𝑃(𝐸3,3 ) can be
derived with the similar approaches, which is omitted due to
the space limitation.
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This work investigates multicast services, which play a critical role in 5G new radio (NR). In particular, we propose a hybrid
unicast/multicast MIMO precoding based on NOMA. Our scheme first categorizes unicast users into NOMA and non-NOMA
types and then utilizes null space and successive interference cancellation to eliminate the signal leakage. To justify the effectiveness
and efficiency of our design, we also present simulation results in typical massive MIMO scenarios.

1. Introduction
With the development of wireless communication systems,
the requirement of even higher data rate becomes an
urgent concern worldwide. One of the trends is the change
from single antenna to multiple antennas [1, 2]. Large-scale
antenna arrays have been regarded as one of the crucial
technologies in 5G new radio (NR) since the very beginning.
In massive multiple-input-multiple-output (MIMO) system,
the base stations (BSs) are equipped with tens or even hundreds of antennas to serve multiple users. By increasing the
development of wireless resources in the spatial dimension,
large-scale antenna arrays can significantly increase both
power efficiency and spectral efficiency [3]. However, the
general wireless multicast beamforming in MIMO scenario is
always a nondeterministic polynomial-time hard (NP-hard)
challenge. In [4], the authors used massive MIMO technology
for multicast transmission for the first time; by deploying a
large number of antenna arrays at the BSs, massive MIMO
can significantly improve the spectrum and energy efficiency
[5]. From the aspects of asymptotic analysis, this problem can
be solved with closed-form solutions, which is important for
the design of 5G NR. Existing studies have focused on the
asymptotic analysis of multicast problems under perfect and
imperfect channel state information (CSI) scenarios. In this

study, we alternatively investigate the massive MIMO and the
multicast under the context of 5G NR.
As the newest member of the multiple access family,
nonorthogonal multiple access (NOMA) is envisioned to
be an essential component of 5G NR networks. In addition, NOMA further promotes the spectrum utilization by
allowing MU to transmit from the same source to multiple
devices simultaneously. Particularly, NOMA effectively utilizes superposition coding (SC) and successive interference
cancellation (SIC) and multiuser diversity to enhance the
spectrum utilization. By allocating more transmission power
to users with poor channel conditions, NOMA can achieve
a balanced tradeoff between system throughput and user
fairness [6].
The combination of NOMA and multiantenna MIMO
technologies exhibits significant potential in improving the
spectral efficiency and providing better wireless services,
especially when the users of a multicast group are far away
from the BS [7]. In this article, we propose an important
scheme for a 3D massive MIMO model, called opportunistic NOMA-based hybrid unicast/multicast precoding
scheme, which provides both interference cancellation and
the ability of user selection/grouping. The contribution of
this study is the investigation of the NOMA-based hybrid
unicast/multicast services. To the best of our knowledge,
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Figure 1: Opportunistic massive MIMO-NOMA system model.

there are no previous studies on hybrid 5G unicast/multicast
systems, even though this topic represents a practical challenge to the industry.
This article is arranged as follows: Section 2 explains
the 5G NR multicast services and opportunistic NOMA,
as well as 3D hybrid unicast/multicast precoding. Section 3
elaborates on the opportunistic MIMO-NOMA scheme
under hybrid multicast transmission services. The simulation
results and analysis of the proposed scheme are described in
Section 4 and Section 5 presents the summary.
Notation: T, superscripts ∗, and H represent the transpose,
complex conjugate, and Hermitian transpose, respectively.
The column vectors and matrices are represented by lowercase letters and bold uppercase letters, respectively. In
addition, N+ stands for a set of positive integers, and C
denotes a set of complex numbers. I𝑁 is the 𝑁 × 𝑁 identity
matrix. ⊗ represents the Kronecker product.

2. System Model
2.1. Multicast of 5G NR in Massive MIMO System. Massive
MIMO is an emerging technology that extends MIMO
to several orders of magnitude with all the advantages of
traditional MIMO. It will provide a driving force for the
development of broadband networks in the future and it will
be highly energy-efficient, secure, and robust and will use the
spectrum more effectively [8]. In addition, an energy-saving
and stable wireless communication has become an objective
of the new wireless access structure to achieve the purpose
of resource conservation. 5G NR is characterized by a large
number of devices connected to a packet data network (PDN)
and the ability to handle large amounts of data. However, the
intense communication traffic is still a serious challenge for
5G massive MIMO systems [9]. Although multicast bloom
filters can overcome the massive traffic leakage of users,
the physical impact to the access point in 5G NR causes a
bottleneck in the system. As multicast can quickly propagate
the identical messages to the area covered by the signal
without increasing costs, it is considered to be an important
solution to large-scale data communication problems.
The latency of 5G NR multicast schemes is always less in
the network layer than in the application layer. Multicasting

does not only save the communication resources but also
speeds up the computational load of the servers, which
increases the capacity of 5G NR systems [10].
However, a 5G system includes multicast features and it is
ideal for multicast transmissions. With the above advantages,
massive MIMO multicasting systems can become promising
enablers for the 5G NR [11].
2.2. Architecture for Opportunistic Massive MIMO-NOMA.
In massive MIMO systems, we find that 5G often creates
a good opportunity to make use of NOMA technology for
additional gain [12]. When the distance between the multicast
group members and the BSs is sufficiently large, the users with
different levels of path loss can be grouped into NOMA and
non-NOMA by using beamforming. This scenario employing
the opportunistic NOMA and massive MIMO is illustrated in
Figure 1 and is discussed below.
An important advantage of NOMA is to improve the
capacity by applying user pairing so that the users with poor
channel conditions gain greater transmit power [13]. However, this may cause the common phenomenon of intercell
interference (ICI) in the MIMO system [14] because the celledge users experience an improvement in the transmission
power, and they will encounter interference from the nearby
cells [15]. Therefore, it is important to implement an interference cancellation aided null space method in the NOMA
scheme to achieve channel orthogonality between multicast
users and unicast users [16].
In addition, under the MIMO-NOMA architecture, data
communications serve different users with different power
levels, resulting in some users receiving multiple layers of signals and signal interference [17]. The SIC technology decodes
different layers of data for users to obtain their own and this
is helpful to improve the performance of the MIMO-NOMA
system in a hybrid multicast scenario [18]. Figure 2 shows the
method for eliminating the interference between the groups.
The MIMO channel model is critical when we evaluate
the performance of our proposed system. For practical consideration, we use the 3D propagation channel model, which
is detailed as follows.
2.3. 3D Massive MIMO Channel Model. The channel
model takes into account the downlink transmission of a
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Figure 2: Methods of interference cancellation.

MU-MIMO channel system with 𝑁 antennas at the BS and
𝐾 single-antenna users (𝐾 ≤ 𝑁, 𝐾, 𝑁 ∈ N+ ) in a Non-Lineof-Sight (NLOS) condition. It is given by [19]
G𝑐ℎ = HD,

(2)

where Z ∈ C𝑁×𝑁 denotes the constant mutual coupling
matrix decided by the antenna array configuration, R𝑘 represents the steering matrix, and k𝑘 is the Gaussian stochastic
factor.
The forms of R𝑘 and k𝑘 depend on the antenna array
configuration. For ease of description, a steering vector
function can be defined as a(𝜃).
In the rectangular antenna array scenario, the 𝑘th user
has 𝐴 𝑘 different azimuths of arrival (AoAs) written as 𝜃𝑘,𝑖
and elevations of arrival (EoAs) described by 𝜙𝑘,𝑖 . The column
steering vectors in R𝑘 = [r𝑘,1 , r𝑘,2 , . . . , r𝑘,𝐴 𝑘 ] are described by
r𝑘,𝑖 =

1
1
𝑇
× vec [a (𝜃𝑘,𝑖 ) ⊗ a (𝜙𝑘,𝑖 ) ] =
× vec {[1,
𝐴𝑘
𝐴𝑘

𝑒(𝑗2𝜋𝑑/𝜆) sin 𝜃𝑘,𝑖 , 𝑒(𝑗2𝜋𝑑/𝜆)2 sin 𝜃𝑘,𝑖 , . . . , 𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜃𝑘,𝑖 ]

𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜙𝑘,𝑖 ]} ,

(3)

(1)

where G𝑐ℎ = [g𝑐ℎ,1 , g𝑐ℎ,2 , . . . , g𝑐ℎ,𝐾 ] denotes the channel matrix, whose element g𝑐ℎ,𝑘 ∈ C𝑁×1 (𝑘 = 1, 2, . . . , 𝐾) represents
the channel vector between the BS and the 𝑘th user. D =
diag{√𝛽1 , √𝛽2 , . . . , √𝛽𝐾 } is the large-scale channel matrix,
−𝛾
where 𝛽𝑘 = 𝜅𝑑𝑘 𝜁𝑘 . 𝜁𝑘 stands for the log-normal shadow
fading factor, 𝛾 indicates the path loss exponent, and 𝑑𝑘
represents the distance between the BS and the 𝐾th user; the
constant value 𝜅 is decided by the antenna characteristics and
carrier frequency.
The correlation is cited because the massive MIMO
antenna has a larger scale than the conventional MIMO. In
the massive MIMO system, the channel matrix is given by
H = [H1 , H2 , . . . , H𝐾 ] and the vector H𝑘 ∈ C𝑁×1 (𝑘 =
1, 2, . . . , 𝐾) is given by [20]
H𝐻
𝑘 = ZR𝑘 k𝑘 .

⊗ [1, 𝑒(𝑗2𝜋𝑑/𝜆) sin 𝜙𝑘,𝑖 , 𝑒(𝑗2𝜋𝑑/𝜆)2 sin 𝜙𝑘,𝑖 , . . . ,

where the function of vec(⋅) is defined as the vectorization of
matrix.
We model the hybrid multicast system for the opportunistic massive MIMO-NOMA system in the following chapters.

3. Hybrid Multicast Transmission for
Opportunistic Massive MIMO-NOMA
3.1. User Grouping. For the grouping method [21], we define
g𝑚 = [𝑔1 , 𝑔2 , . . . , 𝑔𝑘 ] for the 𝑚th group, where
{1 the 𝑘th user subjects to the 𝑚th group,
𝑔𝑘 = {
0 otherwise.
{

(4)

(𝑘 = 1, 2, . . . , 𝐾) ,

and the users’ number of is given by 𝐾𝑚 with ∑𝑚 𝐾𝑚 = 𝐾.
3.2. Formulation of Multicast. In this study, the scenario of
a local cell multicast is considered and the multicast beamforming vector is given by 𝜔𝑚 ∈ C𝑁×1 with ‖𝜔𝑚 ‖2 = 1 in the
𝑚th multicast group. In addition, 𝑠𝑚 represents the stochastic
information with the unit power that is multicasted in the 𝑚th
group. Therefore, the signal vector of the 𝑚th group is given
as follows:
x𝑚 = √𝑝𝑚 𝜔𝑚 𝑠𝑚 ,

(5)
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where 𝑝𝑚 represents the transmission power. With all the
groups sharing the spectrum, the channel input-output relationship at 𝑗th user can be presented as

ratio (SINR) obtained by the 𝑗th user in the 𝑚th group
is

𝑀

SINR𝑚,𝑗

𝐻
𝐻
x𝑚 + ∑ ĝ𝑚,𝑗
x𝑛 + 𝑧𝑚,𝑗
𝑦𝑚,𝑗 = ĝ𝑚,𝑗
𝑛=𝑚
̸

=

𝐻
√𝑝𝑚 ĝ𝑚,𝑗 𝜔𝑚 𝑠𝑚

+

(6)

𝑀

𝐻
𝜔𝑛 𝑠𝑛
∑ √𝑝𝑛 ĝ𝑚,𝑗
𝑛=𝑚
̸

+ 𝑧𝑚,𝑗 ,

where 𝑧𝑚,𝑗 represents the additive zero-mean Gaussian noise
with variance 𝜎2 . Then the signal-to-interference-plus-noise

P : max

{𝜔𝑚 ,𝜌𝑚 ,m}

s.t.

 𝐻
2
𝑝𝑚 ĝ𝑚,𝑗
𝜔𝑚 𝑠𝑚 
=
.
̂𝐻 𝜔 𝑠 2 + 𝜎2
∑𝑀
𝑛=𝑚
̸ 𝑝𝑛 g
𝑚,𝑗 𝑛 𝑛 

The publication [21] reports that the relationship between
the transmission power and 𝑁 is 𝑝𝑚 = 𝜌𝑚 (𝐸/𝑁), where 𝜌𝑚 ∈
[0, 1] is the power ratio and 𝐸 is the transmission power. If
the CSI is known by the BS, it can be a feasible way to deal
with the multicast problem by applying the max-min fairness
(MMF) as follows:

2
 𝐻
𝜌𝑚 (𝐸/𝑁) ĝ𝑚,𝑗
𝜔𝑚 𝑠𝑚 
min min
2
 𝐻
0⩽𝑚⩽𝑀 ∀𝑗∈K𝑚 𝑀
̂𝑚,𝑗 𝜔𝑛 𝑠𝑛  + 𝜎2
∑𝑛=𝑚
̸ 𝜌𝑛 (𝐸/𝑁) g

 2
𝜔𝑚  = 1, ∀𝑚
𝑀

∑ 𝜌𝑚 ⩽ 1,

𝑚=0

𝜌𝑚 ∈ [0, 1]

m = [𝑚1 , 𝑚2 , . . . , 𝑚𝐾 ] ,
𝑚𝑘 ∈ {0, 1, . . . , 𝑀} , 𝑘 ∈ {1, 2, . . . , 𝐾}
K𝑚 = {𝑘 | 𝑚𝑘 = 𝑚} .

3.3. Asymptotic Optimal Multicast Beamforming. We can
solve the multicast problem P by an asymptotic solution [22]
and get the following theorem.
∗
, 𝜌𝑚∗ , and SINR are the asymptotic solution
Theorem 1. 𝜔𝑚
of the beamforming vector, power ratio, and minimum SINR,
respectively, and they are given by
∗
𝜔𝑚

= 𝛼𝑚 ∑

𝐻
ĝ𝑚,𝑗

𝛽𝑗

𝑗∈K𝑚

, ∀𝑚,

(9a)

−1/2

𝛼𝑚 = (𝑁 ∑ 𝛽𝑗−1 )

,

(9b)

𝑗∈K𝑚

𝜌𝑚∗ =
SINR∞
𝑚 =

∑𝑗∈K𝑚 𝛽𝑗−1
−1
∑𝐾
𝑘=1 𝛽𝑘

, ∀𝑚,

𝐸
𝜎2

∑𝐾
𝑘=1

𝛽𝑘−1

, ∀𝑚.

(10)

(11)

According to Theorem 1, when 𝑁 → ∞, the SINR is not
related to the user grouping scheme but is related to both the
total number of users and the massive channel.
3.4. Hybrid Unicast/Multicast Transmission. By multiplying
Ω0 and the transmit vector, MU-MIMO linear precoding can

(7)

(8a)
(8b)
(8c)

(8d)
(8e)

be achieved, where Ω0 ∈ C𝑁×𝐾0 denotes the precoding matrix
and 𝐾0 represents the users’ number in group 0.
The block diagonalization (BD) precoding algorithm is
detailed in [23]. It aims to remove the interuser interference
and this process ensures that the interferences from other
users are located in the null space.
For the multicast group, we use the beamforming scheme,
and for the unicast group, we use the MU-MIMO linear
precoding formed by the BD scheme.
3.5. User Selection with Opportunistic Massive MIMO-NOMA.
Unicast users are grouped into NOMA and non-NOMA.
Hybrid unicast/multicast schemes provide the opportunity
to make use of the NOMA technology to increase the
throughput. In the following situations, it is possible to make
use of NOMA. First, the path loss of multicast group users
is large. Second, the user of the unicast group who is on a
beam with a certain user of the multicast group belongs to
the NOMA group. Finally, the power that is transmitted by
BS aimed at the unicast user is lower than the power aimed
at the multicast user. Moreover, by appropriately adapting the
first opportunity, NOMA can also be applied in our proposed
model when most users in the multicast group have a large
path loss, as shown in Figure 3.
Two criteria of user selection are proposed for the NOMA
group. Once the users meet both at the same time, NOMA
technology can be applied in this system.
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Input:
All user data configurations, 𝑈data
Initializtion:
Indices of the NOMA group user, Index = [ ]; Indices of the multicast group user, Index1 = [ ]; Indices of the pre-NOMA
group user, Index2 = [ ];
Selection:
1: Estimating the distance from the base station to every user by 𝑈data .
2: Estimating the path loss based on the distance. The path loss is recorded in the vector M𝑝𝑙
3: for 𝑖 = 1 : 𝐾
4: if M𝑝𝑙 (𝑖) > 𝑝𝑙1
5: Index1 = [Index1, 𝑖];
6: end
7: if M𝑝𝑙 (𝑖) < 𝑝𝑙2
8: Index2 = [Index2, 𝑖];
9: end
10: end
11: Some users are selected from Index2 as NOMA group users; these selected users need to be in the same beam
as a certain user in Index1. Index shows all the indices of the NOMA group users.
Output:
Return the indices of the NOMA group users, Index.
Algorithm 1: Selection algorithm for NOMA group users.

Multicast user

Non-NOMA group

NOMA group

r
Massive MIMO

Multicast user

Figure 3: Opportunistic NOMA scheme.

(1) NOMA group users should be able to receive strong
multicast signals. We choose a path loss 𝑝𝑙1 , which is used
as a threshold. We define an area based on 𝑝𝑙1 so that users
outside the area involve a maximum number of multicast
group members.
(2) The signal of the multicast users should not experience
too much interference by the NOMA group users. We define
another area based on a path loss threshold 𝑝𝑙2 so that
the users inside the area are preselected with minimum
interference.
The users of the unicast NOMA are usually paired and
the number of non-NOMA users is equal to the number of
NOMA users in the paired scheme [24]. However, we are
investigating a multicast scenario in this study; therefore, the
number of NOMA and non-NOMA users can be different
[25]. The proposed grouping algorithm is Algorithm 1.

3.6. Projection Matrix. In our proposed system, the null
space scheme for the interference cancellation [26] is applied
to eliminate the interference between the unicast groups
and multicast groups. The process of intergroup interference
cancellation is clearly demonstrated in Figure 4. Since the
NOMA group signal is superimposed on the multicast group
signal and the NOMA group power is very small, their
intergroup interference can be ignored. At the same time,
the superposition channel matrix of the NOMA group and
multicast group generates the projection matrix of the nonNOMA group by the null space method and the signal
interference of the non-NOMA group with the other groups
is then eliminated by mapping the channel matrix of the nonNOMA group signal to the projection matrix.
We assume that the joint channel matrix GNon =
[GNOMA , GMulti ], GNOMA = GNon , GMulti = GNon , and

6
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BS
Unicast UE

Multicast
UE

Signal superposition

Multicast Group

NOMA Group

Multicast Group

Projection
Matrix

Null
Space

NOMA Group

Non-NOMA Group

Non-NOMA Group

BS

NOMA
Group
Non-NOMAGroup

Multicast
Group

Figure 4: Null Space Interference Cancellation.

the channel grouping matrix G𝑚 = [g𝑚,1 , g𝑚,2 , . . . , g𝑚,𝐾𝑚 , ],
(𝑚 = Non, NOMA, Multi). The projection matrix J𝑚 , (𝑚 =
Non, NOMA, Multi) of the 𝑚th group can be given by the
following formulas by using an SVD:
G𝑚 = U𝑚 Λ𝑚 V𝑚 ,
J𝑚 =

V0𝑚

𝐻
(V0𝑚 ) ,

(12)
(13)
𝑁×𝑁

where U𝑚 , V𝑚 , and Λ𝑚 are SVD factor matrices. U𝑚 ∈ C
,
V𝑚 ∈ C(𝐾−𝐾𝑚 )×(𝐾−𝐾𝑚 ) , and Λ𝑚 ∈ C𝑁×(𝐾−𝐾𝑚 ) . The subspace
for the column vector space of V𝑚 is represented by V0𝑚 ∈
C(𝐾−𝐾𝑚 )×𝑁. After multiplying the projection matrix J𝑚 , the
̂ 𝑚 and the g𝑚,𝑗 is transformed into
G𝑚 is transformed into G
ĝ𝑚,𝑗 at the same time, where G𝑚 denotes the channel matrix
of the 𝑚th group and g𝑚,𝑗 represents the channel vector of the
𝑗th user in the 𝑚th group.
By effectively eliminating the signal leakage from each
group, the performance of the hybrid multicast/unicast transmission is guaranteed after the manipulation.

3.7. Opportunistic Massive MIMO-NOMA System Model.
According to the full view of the system, the interference cancellation can be presented by the following system formula:
Y = √𝑃GJ𝜔S + z, and
𝑇

z = [zNon , zMulti ] ,
𝑇

𝑇

S = [sNon , sMulti ] + [0, sNOMA ] ,
𝜔 = diag (Ω, wMulti ) ,

(14)

J = [JNon , JMulti ] ,
𝑇

G = [GNon , GNOMA , GMulti ] ,
Y = [yNon , yMulti ]

𝑇

where Y is the received signal of signal S emitted from
the transmitting terminal and 𝑃 denotes the transmitted power of the transmitting terminal. The precoding
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Table 1: Simulation parameters.
Values

Scenario

NLOS

Frequency

38GHz

Transmit Antenna Height

36m

Receive Antenna Height

1.5m

Number of BS Antenna

64 to 256 / 128

40

User Number
K=40
Antenna Spacing of Antenna 0.5 wave length for horizontal and
Configuration
vertical direction
SNR

-10dB to 30dB/ 15dB

𝑍1

50 Ω

𝑍2

50 Ω

𝑍3

50 Ω

Transmit Antenna Gain

25dB

Receive Antenna Gain

13.3dB

NOMA Group User Number

20
15
10

88

112

136

160
Nt

184

208

232

256

NOMA Group
All Group

Figure 5: Comparison of spectral efficiency among different groups
(antenna array: rectangular; SNR: 15).

3.8. Received Signal Model for Opportunistic Massive MIMONOMA. We assume that 𝜂(0 < 𝜂 < 1) is used to represent
the transmission power factor of the 𝑚th group.
yMulti = √𝑃GMulti JMulti wMulti (sMulti + sNOMA ) + zMulti (15)
(16)

yNOMA = 𝜂√𝑃G
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
NOMA JMulti wMulti sMulti
SIC

BD

25

Multicast Group
Non-NOMA Group

𝐾𝑚 ∗
normalization factor to ensure 𝜔𝑚 = (1/𝜆) ∑𝑗=1
ĝMulti,𝑗 and
Ω represents the precoding matrix used by the unicast users.

⋅ ⋅ ⋅ (GNOMA JMulti wMulti )

30

0
64

matrix 𝜔 and projection matrix J can handle the signal S, and z can be described as the White Gaussian
Noise. In addition, matrix wMulti is denoted by wMulti =
∗
∗
∗
, ĝMulti,2
, . . . , ĝMulti,K
], where 𝜆 represents the
(1/𝜆)[̂gMulti,1
Multi

(17)

+ 𝜂√𝑃GNOMA JMulti wMulti

35

5

10 / 1 to 10

yNon = √𝑃GNon JNon ΩsNon + zNon

Spectral Efficiency (bps/Hz)

Parameters

Rectangular Antenna Array

45

sNOMA + zMulti

In (17), (⋅)(BD) represents the BD precoding of the matrix.
The proposed system can separate the data and transmit
them to the respective users by SIC and provide highspeed transmission for non-NOMA users; it also provides
multicast services for users. As a result, this proposed system
significantly increases the spectrum efficiency.

4. Simulation Results
In this chapter, we describe the computer simulations that
were conducted to study the performance of the proposed
system. The detailed simulation parameters are listed in
Table 1.

4.1. Comparison of NOMA, Non-NOMA Precoding, and Multicast Beamforming. The performance of the NOMA, nonNOMA precoding, and multicast beamforming methods is
evaluated based on the channel model. The channel model
becomes less independent from the viewpoint of space. To
compare the multicast beamforming and MU-MIMO linear
precoding, BD precoding is selected for the non-NOMA
users. The number of users in the non-NOMA group, the
NOMA group, and the multicast group is 20, 10, and 10,
respectively.
The spectrum efficiency of multicast beamforming and
BD precoding for a rectangular antenna array is shown
in Figure 5. For the convenience of observation, the total
spectrum efficiency is given as “all group”. Generally, the
NOMA group has 10% power of the multicast group and
its signal is superimposed on that of the multicast group;
therefore, the spectrum efficiency is better for the nonNOMA group.
A similar phenomenon is observed in Figure 6, which
illustrates the changes in the spectrum efficiency using a
cylindrical antenna array.
Figure 7 illustrates the changes in the spectrum efficiency
with increasing signal-to-noise ratio (SNR). The maximum
number of group users can be raised in this system and the
transmission power and interference can be minimized as
well. In addition, this figure also illustrates that the spectrum
efficiencies are lower without a null space than with a null
space. Therefore, it is clear that the null space strategy plays a
crucial role in removing the cross interference and improving
the system performance.
A similar phenomenon is observed in Figure 8, which
illustrates the changes in the spectrum efficiency using the
cylindrical antenna array. Although the change trend is
the same, the spectrum efficiency is clearly lower for the
cylindrical antenna array than for the rectangle antenna array.
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Cylindrical Antenna Array

45

Cylindrical Antenna Array

250

35

Spectral Efficiency (bps/Hz)

Spectral Efficiency (bps/Hz)

40

30
25
20
15
10

200

150

100

50

5
0
64

88

112

136

160
Nt

Multicast Group
Non-NOMA Group

184

208

232

0
−10

256

−5

5

10
15
SNR (dB)

Multicast Group
Non-NOMA Group
NOMA Group
All Group

NOMA Group
All Group

Figure 6: Comparison of spectral efficiency among different groups
(antenna array: cylindrical; SNR: 15.).

0

20

25

30

Multicast Group without Null space
Non-NOMA Group without Null space
NOMA Group without Null space
All Group without Null space

Figure 8: Comparison of spectral efficiency among different groups
(antenna array: cylindrical; antenna number: 128.).

Rectangular Antenna Array

250

200

Spectral Efficiency (bps/Hz)

Spectral Efficiency (bps/Hz)

Rectangular Antenna Array
250

150

100

50

0
−10

−5

0

5

10
15
SNR (dB)

20

25

200

150

100

50

30
0

Multicast Group
Non-NOMA Group
NOMA Group
All Group

Multicast Group without Null space
Non-NOMA Group without Null space
NOMA Group without Null space
All Group without Null space

Figure 7: Comparison of spectral efficiency among different groups
(antenna array: rectangular; antenna number: 128.).

4.2. Analysis of the Opportunistic Massive MIMO-NOMA
Strategy. With the number of users remaining at 30, the
balance between the non-NOMA group users and NOMA
group users has been illustrated in Figure 9. The results show
that the even spectrum efficiency improves with an increasing
number of NOMA group users; however, when the number of
NOMA users exceeds a certain value, the spectrum efficiency
begins to decrease.
The NOMA group users can receive multiple layers of
the signal with a high SNR. They use the SIC to decode

1

2

3

4
5
6
7
Number of NOMA User

Multicast Group
Non-NOMA Group

8

9

10

NOMA Group
All Group

Figure 9: Grouping strategy analysis (SNR: 15; antenna number: 28;
number of multicast group users: 10; number of non-NOMA group
users: 29 to 20; number of NOMA group users: 1 to 10).

the different layers of data. From this respect, the NOMA
users have a better opportunity to achieve a high data rate.
However, a NOMA user may have only one data layer
although many layers can be decoded. In other words, a
NOMA user usually receives and decodes the data of other
users, which is not useful to the user. Even worse, a NOMA
user may require large computational resources for the SIC
scheme.

Wireless Communications and Mobile Computing
In Figure 9, the pseudo-NOMA spectral efficiency
denotes the total (all layers) decoded data rate of the NOMA
users, including data that are useful and not useful to the
decoder. A portion of the pseudo-NOMA spectral efficiency
represents the data rate of the NOMA users’ own signal,
whereas the other portion represents the data rate of the
other users’ signals. The simulation results clearly reveal that
the pseudo-NOMA spectral efficiency is high, although the
useful NOMA spectral efficiency is not.

5. Conclusion
Group oriented applications are becoming more and more
important for future mobile computing. This fact makes it
urgent to develop the multicast infrastructure of 5G NR.
We accordingly study the integration of NOMA technology
and massive MIMO technology to overcome the above
challenge. We notice that a practical system is usually a hybrid
unicast/multicast system rather than a unique one. Therefore,
our scheme utilizes null space based interference cancellation
to distinguish the unicast and multicast precoding. Our
scheme also superimposes the NOMA user’s signal on the
multicast users’ signal opportunistically in order to improve
the spectrum efficiency.
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In recent years, with the energy consumption and environmental degradation, science and technology embarked on a path of
sustainable development. In this situation, 5G green communication system has been widely used. This paper introduces the
application of RF reflectors to 5G mmWave, where line-of-sight (LoS) blockage is a major hindrance for the coverage. In particular,
we investigate the lab measurement of RF reflectors, which is a critical step from the theory to the practice. Furthermore, through
the lab measurement, a 3D near-field range migration (RM) imaging algorithm for MIMO array configuration is proposed, and the
sampling scheme is improved to save the computation time while providing high-quality images.

1. Introduction
In 5G communications, energy efficiency has become a
matter of prime importance for wireless networks. A great
deal of research has been done in the past to reduce energy
consumption. Resource allocation, heterogeneous network
deployment, transmission scheme optimization, and the
development of energy-efficient algorithms have become the
focus of research. Small Cell deployment is a widely accepted
strategy in the industry to achieve various performance and
efficiency indicators for the future 5G system. However,
the deployment of Small Cell base stations generally has
problems in maintenance and insufficient site resources.
This paper proposes a method of using the RF reflector,
reflecting only the existing wave, without additional energy
consumption, reducing land occupation, saving maintenance
resources, and having higher commercial utilization value.
Compared to traditional active repeaters, the universal
interest candidates of passive repeaters (PRs) have been
inevitably utilized in massive multiple-input-multiple-output
(MIMO) system, with a multitude of advantages of lower cost
of maintenance, manufacturing, and operation.
In order to experimentally discuss the information capacity of MIMO in multipath environment, a PR includes a

power combiner, a planar Yagi-Uda antenna, and a fourelement folded-patch antenna (FPA) array [1, 2]. The discussion results demonstrate that the performance of broad-angle
scattering and polarization transition can be implemented.
Simultaneously, the received power and channel capacity
of the system gain an achievement that the four-unit PR
can improve the propagation channel in wireless access
system.
Existing research proposes a system of MIMO channel
operation with tunable passive repeater [3]. The PR has a
multitude of antennas, and a phase-shifter function exists
between these antennas. The elements of the PR can be controlled so that a maximized MIMO channel capacity can be
gained [4]. Experimental results can reveal the effectiveness
of the proposed passive repeater.
Reflect-array antenna is a flat low-profile reflector including a planar array of microstrip patch elements to reflect
the special beam direction and shape with certain tuning
when primary source illuminates it [5, 6]. Compared with
conventional parabolic reflector antenna, the planar reflectarray plays a more significant role in the MIMO system for
the ability to surface-mount the reflect-array in virtue of its
convenient deployment, lower cost of manufacturing, small
volume, low mass, and so forth.
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Figure 1: The channel transmission procedure with passive repeater.

Reflectors can be used commonly to improve the propagation channel conditions, and the ability is exhibited
prominently in inherently bad-conditioned environment.
Most researches show that PR can improve the MIMO system
performance because MIMO has multiple streams to transfer,
requiring multiple paths [7]. In terms of passive repeater,
there is no amplifier and there is no oscillator in the repeater.
The use of reflector in MIMO system has opened up a
new line of thinking that propagation channel can be changed
intentionally, for example, moving objects. To pursue higher
performance gain and drive greater system operational efficiency, a more active method is required.
The mmWave communications utilize the 30–300 GHz
frequency band with rich spectrum resources for multigigabit transmissions, which is one of the most promising
technologies for 5G [8, 9]. In [10–12], it is shown that,
by using a highly oriented antenna array, the millimeterwave band can be allocated to cellular communications.
Higher frequencies lead to higher bandwidth. Advanced RF
beamforming techniques using high-gain advanced antennas
at millimeter-wave frequencies and MIMO digital beamforming technology support the development of RF reflectors
[13, 14]. Therefore, the study of this paper is based on the
millimeter-wave band.
The mmWave indoor propagation simulation for real-life
office environments was presented by using 3D shootingand-bouncing ray tracing and measurement in paper. What
is more, the non-line-of-sight (NLoS) channel environment is
improved by devising the new passive repeaters in mmWave
frequency bands, and at the same time the repeaters are
embodied in the ray tracing procedure.
Currently, Pozar et al. proposed that a broadband reflectarray can be regarded as a PR to solve the problem of blind
areas [15]. Nevertheless, if a very large scattering angle was
tested in the case of a physical limitation of the reflect-array,
the aperture efficiency of the reflect-array was reduced to a
lower rank greatly.

2. Basics of Reflect-Array as 5G Repeater
2.1. Passive Repeater Principle. Figure 1 demonstrates the
proposed passive repeater. In this scheme, there are 𝑁

and 𝑀 antennas at the transmitter (#𝑇) and receiver (#𝑅),
respectively. Assume that the signal on the direct path from
the transmitter to the receiver is weak. The PR (#𝑃) locates
among 𝐿 antennas. The channel matrices from #𝑇 to #𝑃 and
from #𝑃 to #𝑅 are denoted by HPT and HRP, respectively.
The phase shift at the passive repeater is given by
𝑒𝑗𝜃1
Θ=(

0
);

d
0

(1)

𝑗𝜃𝐿

𝑒

the channel from #𝑇 to #𝑅 is denoted by
𝐻 = 𝐻RP Θ𝐻PT ,

(2)

where [𝜃1 , . . . , 𝜃𝐿 ] describes the number of the phase shifts at
𝐿 antennas.
As mentioned above, the proposed tunable passive
repeater scheme is quite feasible. When the number of
antennas available is sufficient, the value of the phase shift is
possible to be discrete and binary, for example, [0, 180] deg.
Actually, some phase shift patterns are randomly assigned to
Rx, which can observe the throughput of the system. And Rx
feeds back the best from all those patterns to the repeater.
Even if the binary phase shifters are applied, a multiple of
phase patterns (2𝐿) exist. Some patterns have no occasion
to be tested, for pretty good one is allowed and it does not
have to be the best. With computational efficiency, genetic
algorithm (GA) is so popular due to the readily available
suboptimal solution. Thus, GA can ensure the maximum
channel capacity and throughput by deciding which phase
pattern is chosen.
Figure 2(a) illustrates that there are three kinds of path
consisting of penetrated paths, diffracted paths, and reflected
paths in NLoS area. As illustrated in Figure 2(c), all of
these paths are used in ray tracing simulation. In these
paths, a passive repeater is used and a reradiated path is
added to solve the problem that these paths have large
losses in NLoS path. Figure 2(b) illustrates a reradiated path
generated by the passive repeater. The new procedure for
the ray tracing simulation of passive repeater is shown in
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Figure 2: Propagation procedure with or without passive repeater.
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Figure 2(d). Reradiated paths can be acquired by using the
bistatic radar cross section (RCS) patterns and the receiving
power of the passive repeater [9]. All of paths, consisting
of direct paths, diffracted paths, penetrated paths, reflected
paths, and reradiated paths, can be combined via postprocessing.

The configuration of the one-unit passive repeater is
illustrated in Figure 3, consisting of a power combiner, a
planar Yagi-Uda antenna, and a four-element FPA array.
Because of their compact size, the FPA elements locate on
the top side of the substrate, which are chosen the same as
Set 1 in [2]. Balance between the antennas’ size and gain
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is a significant and versatile design. Therefore, when high
gain is of main focus in industry and academia, other flat
antenna types with slightly larger sizes can also be chosen to
be satisfied.
The most common Yagi-Uda arrays are fabricated with
one driven element and two directors, and the ground plane
lies on 0.25 away from the patch and merely acts as a reflector
[12]. In addition, the corrugated periodic ground layer with
the appropriate parameters can improve the antenna gain by
supporting or suppressing some of the sidelobes in the Hplane. The bottom side power combiner is connected to the
input port of the flat-bottomed antenna. The feed probe of the
patch element passes through the hole in the ground plane
and is connected to the input port of the power combiner.
In fact, the incident wave can point in any direction
through the PR reflection. When receiving the FPA array,
the received electromagnetic (EM) wave can be transmitted
to the Yagi-Uda antenna [16]. Reference [5] revealed more
details about the PR.
2.2. Reflect-Array Principle. Each element in the PR needs to
be specifically designed to generate the beam in a specific
direction by scattering the incident wave by appropriate phase
compensation. Figure 4 illustrates the structure of a standard
microstrip reflect-array. Because of effect from the reflected
elements, the reradiated field was formed by the dipoles in a
random direction.
𝑀 𝑁

𝑟 ⋅ →

→

̂0 ) 𝐴 (̂
𝑢 ⋅ 𝑢̂0 )
𝐸 (𝑢) = ∑ ∑ 𝐹 (→
𝑚𝑛 𝑟 𝑓 ) 𝐴 ( 𝑟 𝑚𝑛 ⋅ 𝑢
𝑚=1 𝑛=1

(3)
→
 →

→


⋅ exp {−𝑗𝑘0 [ 𝑟 𝑚𝑛 − 𝑟 𝑓  + 𝑟 𝑚𝑛 ⋅ 𝑢̂] + 𝑗𝜙𝑚𝑛 } ,
where 𝐹 is defined as the feed pattern function and 𝐴 is
defined as the pattern function of the parasitic dipole element.
𝑟
The position vector for the 𝑚𝑛th element is defined by →
𝑚𝑛
→

and for the feed horn antenna is defined by 𝑟 𝑓 . The desired
main-beam pointing direction of the reflect-array is defined
by 𝑢̂0 . The phase that is required for the scattered field from
the 𝑚𝑛th element is defined by 𝜙𝑚𝑛 .

In order for the aperture distribution to reach the desired
direction, 𝑢̂0 , the condition is described by
𝑟 ⋅ 𝑢̂ ) = 2𝑝𝜋,
𝜙𝑚𝑛 − 𝑘0 (𝑅𝑚𝑛 + →
𝑚𝑛
0
𝑝 = 0, ±1, ±2, . . . ,

(4)

where the distance from the 𝑚𝑛th array element to the feed
𝑟 − →
𝑟 |.
source is defined by 𝑅𝑚𝑛 ; that is, 𝑅𝑚𝑛 = |→
𝑚𝑛
𝑓
𝑘0 is the wave number, and the expression is 𝑘0 = 𝜔0 /𝑐
with 𝜔0 defined as the working frequency of the frequency
selective surface (FSS) ground.
In wireless communications, it is a big deal for eliminating
the blind spots of base station antennas in a complex street,
high-building district, and many occlusions area. Typically,
radio frequency (RF) boosters have the ability to enlarge the
cellular coverage area, while standard RF boosters have high
cost of transceivers, power supplies, cables, and so forth and
are limited in installation areas [17].
Because of the blockage of the building, the signal
received for a part of users from BS is poor. Considering this
point, the signal received for a part of users who are in the
occlude areas can be enhanced via using a passive repeater as
shown in Figure 5. The gray area and the green area represent
the area occupied by the building and the area reflected by the
passive repeater, respectively.
In the actual situation, the channel environment is timevarying and becomes relatively complex by moving objects,
rough surfaces, or sharp edges of objects (such as cars, leaves,
and lampposts). In complex streets, from the transmitter
to the receiver in the wireless communication process, the
frequency of the signal projected on the moving car will be
offset, and the scattering phenomenon will affect the wireless
communication, shown in Figure 6.

3. 3D Near-Field RM Imaging Algorithm
In the MIMO configuration, the 3D image reconstruction
process can be accomplished analogically on 2D imaging; that
is, the backscattered data is coherently integrated over the
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two spatial coordinates of the 2D aperture and measured frequency band. The antenna array produces spherical waves in
the near field. Considering the influence of spatial resolution
and sampling interval, this paper uses time slot interpolation
to determine a dedicated time and phase to obtain evenly
spaced data [18].
The improved sampling method proposed in this paper
effectively solves the problem that the traditional 3D imaging
sampling time is too long and saves a lot of sampling time
under the premise of reducing image distortion [19].
Figure 7 presents a 2D linear MIMO imaging geometry
structure. In the wave field of the continuous wave, the MIMO
array composed of the transmitting antenna and the receiving
antenna illuminates the target plane located near the array
aperture.

In the imaging process shown in Figure 7, the scanning
range is [𝐿 𝑋 , 𝐿 𝑋 ], the sampling interval is Δ𝑋, and the step
frequency of the sampling point is 𝑓. The target position
is set to (𝑋, 𝑍); the transmitting antenna and the receiving
antenna are located at (𝑋Tx , 0), (𝑋Rx , 0), respectively, where
the subscript in the formula represents the axis 𝑥,𝑦. Therefore,
the transmit and receive phase delays are 2𝑘𝑅, where 𝑘 =
2𝜋𝑓/𝑐, 𝑅 = 𝑅Tx + 𝑅Rx , 𝑅Tx = √𝑋 − (𝑋Tx )2 + 𝑍2 , and 𝑅Rx =
√𝑋 − (𝑋Rx )2 + 𝑍2 .
Let the received signal be 𝑠(𝑋Tx , 𝑋Rx , 𝑘), and the target reflectivity is 𝜎(𝑋, 𝑍). Consider the spreading loss;
𝑠(𝑋Tx , 𝑋Rx , 𝑘) can be expressed as
𝑠 (𝑋Tx , 𝑋Rx , 𝑘) =

1
𝜎 (𝑋, 𝑍)
4𝜋𝑅Tx 𝑅Rx
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Figure 7: 2D linear MIMO imaging geometry structure.

⋅ exp (−𝑗𝑘 (𝑅Tx + 𝑅Rx )) ,

So the reflection rate of 2D imaging is calculated as
(5)

where 𝑅Tx represents the distance from the transmitter to the
target and similarly 𝑅Rx represents the receiver’s distance.
The Fourier transform is performed on the received
signal:
𝑠 (𝑘𝑋−𝑇 , 𝑘𝑋−𝑅 , 𝑘) =

1
𝜎 (𝑋, 𝑍) ⋅ 𝐹 (𝑘𝑋−𝑇 , 𝑘)
4𝜋

(6)

⋅ 𝐹 (𝑘𝑋−𝑅 , 𝑘) ,

=

𝑅Tx

𝑑𝑋Tx

𝑗2𝜋
exp (−𝑗𝑘𝑧−𝑇 ⋅ 𝑍 − 𝑗𝑘𝑥−𝑇 ⋅ 𝑋)
𝑘𝑧−𝑇

𝐹 (𝑘𝑥−𝑅 , 𝑘) = ∫
=

exp (−𝑗𝑘𝑥−𝑇 𝑅Tx )

exp (−𝑗𝑘𝑥−𝑅 𝑅Rx )
𝑅Rx

𝑑𝑋Rx

(7)

𝑗2𝜋
exp (−𝑗𝑘𝑧−𝑅 ⋅ 𝑍 − 𝑗𝑘𝑥−𝑅 ⋅ 𝑋)
𝑘𝑧−𝑅

𝑘𝑥−𝑇 𝑘𝑧−𝑇
𝑏 (𝑘𝑥 , 𝑘𝑧 ) .
𝜋

(10)

1
∭ {∭ [𝑠 (𝑥, 𝑦, 𝑘; 𝑧0 ) 𝑒(𝑗𝑘𝑧 𝑧0 ) ]
8𝜋3

⋅ exp [−𝑗 (𝑘𝑥 𝑥 + 𝑘𝑦 𝑦 + 𝑘𝑧 𝑧)] 𝑑𝑥 𝑑𝑦 𝑑𝑧}

(11)

The backscattered data set obtained during the imaging
process is represented by 𝑠(𝑥, 𝑦, 𝑘; 𝑧0 ). Figure 9 is a complete
flow diagram of 3D MIMO-RMA image reconstruction.

The above analysis applies to the corresponding
transceiver pair of a single scattering point; the following
formula is used to represent the total received wave field:
𝑏 (𝑘𝑥−𝑇 , 𝑘𝑥−𝑅 , 𝑘) = ∬ 𝑠 (𝑘𝑥−𝑇 , 𝑘𝑥−𝑅 , 𝑘) 𝑑𝑥 𝑑𝑧

⋅ ∬ 𝜎 (𝑋, 𝑍) ⋅ exp (−𝑗𝑘𝑥 𝑋 − 𝑗𝑘𝑧 𝑍) 𝑑𝑥 𝑑𝑧.

𝑏 (𝑘𝑋 , 𝑘𝑍 ) = −

⋅ exp [−𝑗 (𝑘𝑥 𝑥 + 𝑘𝑦 𝑦 + 𝑘𝑧 𝑧)] 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧.

2
2 .
𝑘𝑧 = √𝑘2 − 𝑘𝑥−𝑇
+ √𝑘2 − 𝑘𝑥−𝑅

𝜋
𝑘𝑧−𝑇 𝑘𝑧−𝑅

where

𝜎 (𝑥, 𝑦, 𝑧) =

𝑘𝑥 = 𝑘𝑥−𝑇 + 𝑘𝑥−𝑅

=−

(9)

= 𝑖𝑓𝑓𝑡 {𝑏 (𝑘𝑋 , 𝑘𝑍 )} ,

The above algorithmic model describes the specific process of 2D imaging. Similarly, a three-dimensional data array
can be obtained for each pair of transceivers at each sampling
point, which is easily generalized to the 3D range. Figure 8
shows a MIMO array 3D imaging geometry.
So the reflectivity map of 3D imaging is calculated as

where
𝐹 (𝑘𝑥−𝑇 , 𝑘) = ∫

𝜎 (𝑋, 𝑍) = ∬ 𝑏 (𝑘𝑋 , 𝑘𝑍 ) 𝑒(𝑗𝑘𝑥 𝑋+𝑗𝑘𝑧 𝑍) 𝑑𝑘𝑥 𝑑𝑘𝑧

(8)

4. Numerical Simulation and
Spatial Sampling Scheme
Figure 10 shows the target used in the numerical simulation.
The target includes 27 scattering points and the distance
between the target center and the antenna array is 0.75 m.
The area of the antenna array is 1 m × 1 m; the transmitting
antenna and the receiving antenna are separated by 0.5 cm.
The frequency ranges from 8 to 12 GHz, sampling a total of
101 points with a step of 40 MHz.
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Table 1: Comparison among different schemes.

Backscattered
data
s(x, y, k; z0 )

Scheme
Dynamic range (dB)
Sampling time (min)

(a)
14
120

(b)
3
2

(c)
7
4.1

(d)
4.5
2

(e)
5
2

(f)
8.5
4.6

Cross-range 2-D
FFT
F(kx , ky , k; z = z0 )
Filtering
F(kx , ky , k; z = 0)
Stolt
interpolation

improved sampling scheme can save a lot of time, and six
improved sampling schemes are as follows in Figure 12.
In the simulation experiment, we use dynamic range
and spatial sampling time as the standard to measure the
performance of each sampling scheme.

Figure 9: MIMO 3D image reconstruction procedure.

4.1. Dynamic Range. Figure 13 shows the point scattering
model, which contains 10 sets of scattering points with the
same reflectance. For the model, the numerical simulation
results of the six sampling schemes are shown in Figure 14.
Through the analysis of the results, in addition to Figure 14(b), other sampling programs can produce a corresponding dynamic range of high-resolution images. Scheme
(b) lacks the sampling process in the elevation direction,
causing some scattering points to be unrecognizable. (a) has
a large dynamic range. The actual situation often requires
dynamic range conditions of not less than 6 dB, so scheme
(c) and scheme (f) can be applied for practical use.

Using the proposed MIMO-RMA to reconstruct 3D
reflectivity images, the simulation results are shown in Figure 11. The processing time is about 15 s and the dynamic
range is set to 20 dB.
Conventional sampling methods usually take several
hours to sample azimuth and elevation angles [20]. Still based
on 1 m × 1 m antenna and 0.5 m sampling step, the traditional
sampling scheme requires 2 hours of processing time. The

4.2. Spatial Sampling Time. In different operating systems,
the spatial sampling time may be different. A typical system
consists of a network analyzer that determines the single scan
time from the IF bandwidth and the scan point. For example,
in the N5247A system, set the IF bandwidth of 10 KHz and
set the 401 scanning points; the single scan point of a single
scan time is 155 ms [21]. The dynamic range and sampling
processing time of the six sampling schemes are listed in
Table 1.

F(kx , ky , kz )
3-D IFFT

3-D image
reconstruction

(x, y, z)
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Figure 14: (a) Scheme (a), 14 dB. (b) Scheme (b), 3 dB. (c) Scheme (c), 7 dB. (d) Scheme (d), 4.5 dB. (e) Scheme (e), 5 dB. (f) Scheme (f),
8.5 dB.

5. Conclusion
In this paper, we combine the laboratory measurement of
5G RF reflector with the theoretical algorithm to study
the application of RF reflector in solving the line-of-sight
blocking problem in millimeter-wave frequency band. And
a 3D near-field range migration (RM) imaging algorithm
for MIMO array configuration is proposed. The algorithm
can effectively reduce the image distortion and reconstruct
the high-quality image. Finally, by improving the sampling
scheme, the sampling time is greatly shortened, which makes
the whole algorithm more practical.
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The drones formation control in 5G wireless sensor network is discussed. The base station (BS) is used to receive backhaul position
signals from the lead drone in formation and launches the beam to the lead one as the fronthaul flying signal enhancement. It is
a promising approach to raise the formation strength of drones during flight control. The BS can transform the direction of the
antennas and transmit energy to the lead drone that could widely enlarge the number of the receivers and increase the transmission
speed of the data links. The millimeter-Wave (mmWave) communication system offers new opportunities to meet this requirement
owing to the tremendous amount of available spectrums. However, the massive non-line-of-sight (NLoS) transmission and the
site constraints in urban environment are severely challenging the conventional deploying terrestrial low power nodes (LPNs).
Simulation experiments have been performed to verify the availability and effectiveness of mmWave in 5G wireless sensor network.

1. Introduction
Wireless Sensor Network (WSN) has been widely applied
in numerous fields, such as satellite communication, object
detection, human health monitoring, and environmental
protection [1]. Although the WSN can be used flexibly,
it is rather difficult to build a distributed communication
network for large-scale data flows in damaged communication environments. Clustering is an option [2]. With
the rapid development of mobile broad-band service in
the next generation mobile networks, mmWave (millimeterWave) plays the primary role of updating the network that
utilizes the signal frequencies in the range [20–300] GHz
[3, 4]. Since mmWaves include abundant spectrums, they
are substantially deployed in the next generation mobile
heterogeneous networks (HetNets) to improve the coverage
capacity in wireless network [5].
The ground-aerial system is usually adopted in WSN
forming a promising solution to increase the signal coverage

capacity temporarily in 5G network. Recently, with the
development of cutting-edge technology in 5G, 5G New
Radio (NR) and the new standard of the OFDM (Orthogonal Frequency Division Multiplexing) air interface would
bring lots of changes in our life. The drone base station
(drone-BS) can achieve wide range communication without
any data transmission links disturbance, especially when
adverse weather occurs [6]. Due to the fast deployment of
drones, they can also address temporary coverage issues in
remote locations, or when grounded wireless deployment
is destroyed by natural disasters. Moreover, the bottom
small cells are becoming denser to further boost the spectrum efficiency in the next generation of HetNets [7, 8].
It would increase the difficulties of deploying low power
nodes (LPNs) due to certain specific constraints from the
station deployment, like opposite to the electromagnetic
radiation at dense residential communities, cost and space
limitation at stadiums, and so on. Furthermore, heavy nonline-of-sight (NLoS) obstruction would cause blockage and
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hidden terminal problems [9, 10], which is more common in
mmWave small cell network due to poor diffraction in the
mmWave band. It could seriously compromise the mmWave
coverage capacity [5]. Recently, lots of technical companies
have put their effort to enlarge the communication volume
and enhance the transmission speed via unmanned aerial
vehicles (UAVs) [11].
Through such a new system, various demands could
be applied [12]. mmWave beam in 5G network can assist
ground network of BSs to enlarge the capacity and prevent
temporary congestion in confined places such as stadiums. It
can also provide additional coverage range in remote areas
or when the BSs are out of order due to severe weather
conditions, vandalism, transmission problems, and so on.
The wide frequency spectrum signal has the ability of data
propagation enhancement in unpredicted conditions [13].
The fresh system can also reduce the links cost and improve
the efficiency [14]. So new technologies and methods are
developed to establish the communication network in order
to increase the receivers number and data links coverage
capacity.
In this paper, we propose a ground-aerial transmission
system to address these problems in the conventional terrestrial LPNs deployment for the next generation HetNets.
Our aim is to provide a regional capacity enhancement in
the traffic hotspots by mmWave in 5G network. It is known
that mobile users are dynamically and randomly distributed
in the urban area, resulting in temporal events or daily
commuting. Traffic hotspots, typically with crowded users,
periodically, and their blockage would put heavier demand
on the capacity of mobile data access. Instead of permanent
capacity improvement by deploying denser terrestrial LPNs,
the proposed method could temporarily enhance the original
capacity converge of signals in wireless BS system. In this
way, it could overcome site-specific constraints, decrease the
cost of the equipment installment, and reduce the obstructed
transmission problems. Moreover, due to the adoption of
mmWave spectrum, the communication interference would
be decreased greatly.
The remainder of the paper is organized as follows.
Section 2 describes the involved signal transmission models.
Section 3 describes the proposed algorithm and the simulation experiments performed to demonstrate the efficiency
of the system. Conclusion and future work are given in
Section 4.

2. The System Model
In this section, the involved signal transmission models in the
communication network are discussed.
2.1. The Signals Transmission Model and
the Receiver Distribution
2.1.1. Path-Loss Model. The path-loss model is used to
describe the signal power distribution during the transmission. Only a few air-to-ground path-loss models can be found
in the literature. Here the path-loss model presented in [15] is
adopted, where the effectiveness of the received power can
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be increased greatly, that is, signal diffraction. The line-ofsight (LoS) connection probability between a transmitter and
a receiver is an important input factor in channel modeling
and it can be formulated as [15, 16]
𝑃 (LoS) =

1
1 + 𝑎 exp (−𝑏 ((180/𝜋) 𝜃 − 𝑎))

(1)

𝑃 (LoS) = 1 − 𝑃 (𝑁LoS)
where 𝑃(⋅) is the connection probability function; 𝑎 and
𝑏 represent different environmental areas such as city and
countryside; 𝜃 is the elevation angle equal to arctan (ℎ/𝑟),
where ℎ is the altitude of the new system and 𝑟 represents
horizontal distance between the lead drone and the BS.
Assuming shadow interference is ignored and the average
path-loss can be described in a probabilistic manner [3],
PL (dB) = 20 log (

4𝜋𝑓𝑐 𝑑
) + 𝑃 (LoS) 𝜂LoS
𝑐

(2)

+ 𝑃 (NLoS) 𝜂𝑁LoS ,
where the first term on the right side of (2) is the free
space path-loss (FSPL) according to the Friis equation; 𝑓𝑐
represents the frequency of the baseband signal; 𝑐 stands for
the light speed and 𝑑 is the distance between a receiver and
the BS, equal to √ℎ2 + 𝑟2 . 𝜂LoS and 𝜂𝑁LoS delegate the loss of
the two primary connections, and their values are dependent
on the respective environment.
2.1.2. Spatial Receivers Distribution. To obtain heterogeneity
in the spatial receiver distribution, we utilize a Matern cluster
process [9, 17]. It is a double Poisson cluster process, where
the parent points are the center of the clusters created
by a homogeneous Poisson process. The daughter points,
representing receivers in the model, are uniformly scattered
in circles with radius V around the parent points by using
another homogeneous spatial Poisson process. Thus the
density function, 𝑓(𝑧) of a given user in the location is
described as
1
{ 2
𝑓 (𝑧) = { 𝜋V
{0

if ‖𝑧‖ ≤ V

(3)

otherwise.

2.2. The Channel Model
2.2.1. The Ray Tracing Model. The ray tracing propagation
can be formulated in several models assuming that there are
several point sources in the space, named direct rays, reflected
and transmitted rays, diffracted rays, and scattered rays.
Direct rays model is the simplest model to discuss the
scene where the rays start from the source point to the target
point directly, satisfying the LoS transformation. Reflected
and transmitted rays models could be used to describe that
the rays start from the source point but reflecting one or
more than one times to the target point while transmitting
in different mediums. Diffracted rays model is more complicated compared with models stated above, for the rays from
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Figure 1: Four ray tracing models: A direct rays; B reflected and transmitted rays; C diffracted rays; and D scattered rays.

source point would generate numerous diffracted rays from
diverse angles after passing different mediums, which would
increase the calculation difficulty of the rays at the target
point. Scattered rays model is a special model defined in the
rough surfaces that could be assumed as the random rays used
by object effect incorporation. Besides, the ray tracing model
also can be employed in the complicated communication
environments, such as the crowded market. The mentioned
ray tracing models are shown in Figure 1.
Let us consider a MIMO (multiinput multioutput) system
that the 𝑘th single-antenna UE (user equipment) transmits
signals with 𝑁 antennas simultaneously. Assuming the NLoS
channel is used, the channel model can be generalized by
𝐺 = 𝐻𝐷1/2 ,

(4)

where 𝐷 = diag{𝛽1 , . . . , 𝛽𝑘 , . . . , 𝛽𝑚 } represents the massive
transmission and 𝛽𝑘 = 𝜙𝑑𝑘−𝛼 𝜉𝑘 (𝑘 = 1, 2, . . . , 𝑚) is a constant
value delegating positive relationship between the carried
frequency and the frequency carrying the signal. 𝑑𝑘 is the
distance between the evolved Node Base station (eNB) and
the 𝑘th UE, 𝛼 is the path-loss coefficient, and 𝜉𝑘 is the log2
normal shadow fading coefficient with 10log10 𝜉𝑘 ∼ 𝑁(0, 𝜎sh
);
𝑁×𝐾
𝐻∈𝜗
is the fast fading matrix.
2.2.2. i.i.d. Rayleigh Channel Model. 𝐻 = [ℎ1 , ℎ2 , . . . , ℎ𝑘 ]
are the i.i.d. (independent identical distribution) variables
that obey Gaussian random rule; ℎ𝑛,𝑘 ∼ 𝜗𝑁(0, 1) (𝑛 =
1, 2, . . . , 𝑁; 𝑘 = 1, 2, . . . , 𝐾). The favorable propagation i.i.d.
Rayleigh channel running in large-scale MIMO system is
followed by
1 𝐻
𝐺 𝐺 ≈ 𝐷,
𝑁

𝑁 ≥ 𝐾.

(5)

According to the large number of laws, we can find that one
characteristic of the favorable propagation is the orthogonality of the different UE channels:
{0
1 𝐻
ℎ𝑖 ℎ𝑗 ≈ {
𝑁
1
{

𝑖 ≠ 𝑗
𝑖 = 𝑗.

(6)

Another is the channel harden phenomenon; namely, the
Euclidean norm of each UE channel approximates to the
large-scale fading factor [18]:
1  2
𝑔  ≈ 𝛽𝑘 , 𝑘 = 1, 2, . . . , 𝐾.
𝑁  𝑘

(7)

2.2.3. The Correlation Channel Model. The fast fading channel elements can be formulated using the correlated matrix
and the Gaussian vector:
ℎ𝑘 = 𝑅𝑘 V𝑘

𝑘 = 1, 2, . . . , 𝐾,

(8)

where the steering matrix 𝑅𝑘 ∈ 𝜗𝑁×𝐷𝑘 contains 𝐷𝑘 steering
vectors and V𝑘 ∼ 𝜗𝑁(0, 𝐼𝐷𝑘 ) when the linear antenna array is
assumed, and the steering matrix 𝑅𝑘 can be written as
𝑅𝑘 =

1
[𝑎 (𝜃𝑘,1 ) , 𝑎 (𝜃𝑘,2 ) , . . . , 𝑎 (𝜃𝑘,𝐷𝑘 )] ,
𝐷𝑘

(9)

where 𝜃𝑘,𝑖 is the 𝑖th horizontal angles of arrival of 𝑘th UE and
the steering vector 𝑎(𝜃𝑘,𝑖 ) ∈ 𝜗𝑁×1 is given as
𝑎 (𝜃𝑘,𝑖 ) = [1, 𝑒(𝑗2𝜋𝑑/𝜆)sin𝜃𝑘,𝑗 , . . . , 𝑒(𝑗2𝜋(𝑁−1)𝑑/𝜆)sin𝜃𝑘,𝑗 ] ,

(10)

where 𝑑 is the distance from the neighbor antennas in the
system and 𝜆 is the carrier wavelength.
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Figure 2: The traditional antenna matrix in a rectangle shape of the
BS.
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Figure 3: The barrel shape of the antenna.

Generally, the steering vector in the traditional antenna
shape can be obtained:
𝑎 (𝜃𝑘,𝑖 , 𝜙𝑘,𝑖 )
= vec {[1, 𝑒(𝑗2𝜋𝑑/𝜆)sin𝜃𝑘,𝑗 , . . . , 𝑒(𝑗2𝜋(𝑁−1)𝑑/𝜆)sin𝜃𝑘,𝑗 ]

𝑇

(11)

⊗ [1, 𝑒(𝑗2𝜋𝑑/𝜆)sin𝜙𝑘,𝑗 , . . . , 𝑒(𝑗2𝜋(𝑁−1)𝑑/𝜆)sin𝜙𝑘,𝑗 ]} ,
where 𝜙𝑘,𝑗 represents the elevation angle of the arrival.
⊗ delegates the Creinner product and vec{⋅} denotes the
vectorization of the matrix.

3. The Method of Signal Transmission for
Drones Formation Control
3.1. The Proposed Method. To prove the proposed method is
useful in heavy load cases to enhance the received power,
we set this section to illustrate completely. According to the
system stated above, we first provide the traditional shape of
the antenna, described in Figure 2.
As shown in Figure 2, we use Cartesian coordinate system
to describe the original shape; 𝑑𝑦 is the distance between the
neighboring antennas; 𝑑𝑧 is the altitude between the linear
antennas layer; 𝜃 and 𝜙 are the horizontal and vertical angles
of the receivers and BS; 𝐺 is the beamforming direction.
Obviously, the shape can only receive the signals in limited
angles; meanwhile, this shape is cumbersome and inconvenient to be deployed on the flying objects that contribute little
for transmitting signals from BS among drones formation.
In order to overcome the issues, we propose a novel barrel
antenna shape to be deployed for the drones formation. The
new shape is depicted in Figure 3. First, the ray tracing model
and receiver spatial distribution theory are adopted as the
system model. It would help to establish the communication environment foundation. Then, the correlation channel
model is chosen.
As illustrated in Figure 3, the Cartesian coordinate system
is also used to describe the fresh shape. 𝑑(2𝜋𝑟/𝑁) is the arc

length of the whole circle that is used to replace the straight
distance between the neighbor antennas. 𝜃 and 𝜙 are the
horizontal and vertical angles of the arrival object. The single
circle antenna array is stacked several times, in order to obtain
the final antenna matrix. Through such fresh method, the
new shape could powerfully strengthen the robustness of
communication links, with a clear antenna shape of barrel
based on circle array of antennas. Since all the angles could
be covered by using antenna in barrel shape on the drones,
it would enhance quality and the received power while
communicating to BS effectively and conveniently. Further,
deploying such construction of antenna also acts well in
receiving fronthaul signal from BS because of its all-round
running antennas array.
Based on ((8)–(11)), and the general antenna shape, the
steering vector can be rewritten as
𝑎 (𝜃𝑘,𝑖 ) = [1, 𝑒(𝑗2𝜋((2𝜋𝑟/𝑁))/𝜆)sin𝜃𝑘,𝑗 , . . . ,
𝑒(𝑗2𝜋(𝑁−1)((2𝜋𝑟/𝑁))/𝜆)sin𝜃𝑘,𝑗 ] ,

(12)

where 𝑟 and 𝑁 are the radium and the antenna numbers in
the single circular antenna array. Furthermore, the steering
matrix can be calculated as
𝑎 (𝜃𝑘,𝑖 , 𝜙𝑘,𝑖 ) = V𝑒𝑐 {[1, 𝑒(𝑗2𝜋((2𝜋𝑟/𝑁))/𝜆)sin𝜃𝑘,𝑗 , . . . ,
𝑇

𝑒(𝑗2𝜋(𝑁−1)((2𝜋𝑟/𝑁))/𝜆)sin𝜃𝑘,𝑗 ] ⊗ [1,

(13)

𝑒(𝑗2𝜋((2𝜋𝑟/𝑁))/𝜆)sin𝜙𝑘,𝑗 , . . . , 𝑒(𝑗2𝜋(𝑁−1)((2𝜋𝑟/𝑁))/𝜆)sin𝜙𝑘,𝑗 ]} .

The complete system interactive processing is shown
in Figure 4. Four layers for new barrel shape antenna are
configured with each circular array containing four antenna
units. Based on such assumption, we can respectively define
two situations to illustrate the experiments process. Situation
A (left side) beamforms to the grounded receivers mostly and
situation B (right side) delegates that BS beamforms to the
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lead drone. Then, we calculate the horizontal angle 𝜙 and
vertical angle 𝜃 in Situation A and Situation B, in order to
calculate the received power and make the comparison for
the two situations.
During the signals exchange between BSs and the lead
drone, the received power and the signal to interference ratio
(SIR) are used as the evaluation indexes of the system, to
detect whether there are drones flying through the region.
Once the received signal power from BS to the lead drone
exceeds that from the original scenario without flying objects,
it is identified that the mmWave system can realize the airground signal transmission with satisfied performance.
3.2. Simulation Experiments. The whole simulated scenarios
are shown in Figure 5, where the drones fly passing through
the trade center region, to illustrate the complete experimental process. Firstly, in Situation A, the BS establishes the communication network with the lead drone and regular users
and beamforms to the regular users, transferring the energy
of mmWave from BS to receivers, with the weak strength of
signal to control the drones flight control. Then, in Situation
B, the BS beamforms carrying the strong control signal are
sent to the lead drone as the fronthaul signal, compared to
Situation A. Finally, we calculate the lead drone’s received
power and SIR in such two experimental environments to
evaluate the effectiveness of the BS beamforming system.

The Trade
Center Region

BS

Figure 5: Drones formation control from the BS.

The parameters used in the experiments of the drones
formation flight control are listed in Table 1. Matlab is used as
a simulation tool to perform the experiments. It is assumed
that there are totally seven Micro BSs with three cells in the
area covered 600 × 700 square meters including fifty user
equipment in the special cell randomly, described in Figure 6.
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Table 1: The system parameters.
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Figure 7: Received power comparison between Situation A and
Situation B.
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Figure 6: The initialization of the communication environment
with the BSs and the drones.

CDF

distance (m)

Parameters
Value
BS number
6
Cells of each BS
3
Grounded receivers number
1050
Experimental interactions
1000
The horizontal angle for novel antenna
−180–+180
The vertical angle for novel antenna
0–+180
SIR in Situation A
−25.4148–42.0513
SIR in Situation B
0.8748–62.0443
The received power in Situation A
−130.8963–−98.6954 dBm
The received power in Situation B
−96.1349–17.0412 dBm

0.5
0.4
0.3
0.2

The received power and SIR curves drawn by Cumulative
Distribution Function (CDF) in two situations are illustrated
in Figures 7 and 8. From the simulation results, it can be seen
that the received power in Situation B is higher than that in
Situation A. The SIR value in Situation B is also higher than
that in Situation A. Therefore, it proves that the drones can
receive the signals sent by the BS to keep the formation in
control during the swarm flight.

0.1
0
−40

−20

0

20

40

60

80

SIR
SIR (Situation A)
SIR (Situation B)

Figure 8: The SIRs in Situation A and B.

4. Conclusion
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An attractive architecture called heterogeneous cloud radio access networks (H-CRAN) becomes one of the important components
of 5G networks, which can provide ubiquitous high-bandwidth services with flexible network construction. However, massive
access nodes increase the risk of cell outages, leading to negative impact on user-perceived QoS (Quality of Service) and QoE
(Quality of Experience). Thus, cell outage management (COM) became a key function proposed in SON (Self-Organized Networks)
use cases. Based on COM, cell outage detection (COD) will be resolved before cell outage compensation (COC). Currently
few studies concentrate on COD for 5G H-CRAN, and we propose self-organized COD architecture and approach for it. We
firstly summarize current COD solutions for LTE/LTE-A HetNets and then introduce self-organized architecture and approach
suitable for H-CRAN, which includes COD architecture and procedures, and corresponding key technologies for it. Based on the
architecture, we take a use case with handover data analysis using modified LOF (Local Outlier Factor) detection approach to detect
outage for different kinds of cells in H-CRAN. Results show that the proposed approach can identify the outage cell effectively.

1. Introduction
The future 5G networks will provide ubiquitous highbandwidth network services for varieties types of heterogeneous terminals by integrating different advanced technologies, such as millimeter wave, large-scale MultipleInput Multiple-Output (MIMO) and Nonorthogonal Multiple Access (NOMA) for wireless access, and Software Defined
Network (SDN), cloud computing for core networks [1]. In
order to make network more efficient, 5G will be a combination of centralized performance processing and distributed
demodulation. C-RAN has become a new type of network
architecture because of its advantages of cloud computing and
distributed processing, which can realize the efficient usage
and sharing of computing resources [2]. However, LTE/LTEA heterogeneous networks (HetNet) providing differentiated
data services will still be left to 5G networks. To improve
spectrum efficiency and energy efficiency for HetNet coexisting with C-RAN, a new 5G wireless network architecture
call H-CRAN is proposed [3]. In addition, a brief architecture

for H-CARN is shown in Figure 1. Each nodeC connects to
ACEs or RRHs from wired or wireless fronthaul, and users
communicate with ACE or RRH from wireless link, and D2D
link is also adopted to improve edge user throughputs as well.
NodeCs are located in cloud environment and can connect to
Internet.
In 5G H-CRAN, Building Baseband Unit (BBU) pools
are centralized into cloud computing node called NodeC [3].
These nodes can communicate with each other and control
regional access nodes such as remote radio heads (RRHs)
and existing legacy communication entities (LCEs). All the
NodeC are located in the cloud and connect to the Internet,
and they can control ACEs and RRHs with wired or wireless
fronthaul. Moreover, NodeC collects and processes the spatial
information from ACEs and RRHs and performs most of
the processing, calculating, and radio resource management
functions. Here ACEs (such as eNodeB) may pay the role of
providing seamless coverage and RRHs are response for hot
spots. Users in H-CRAN are composed of different kinds of
devices, such as mobile phones, laptops, smart meters, and
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Figure 1: A brief architecture of H-CRAN.

Internet of things (IoT) devices and may adopt advanced
communication technologies such as D2D [4].
To realize the universal plug and play function, offload
network traffic immediately, and manage the computing and
spectrum resource dynamically, SON plays an important
role to realize intelligent management of H-CRAN. SON is
proposed to reduce service providers’ operating expenses in
LTE/LTE-A systems and HetNet [5]. H-CRAN consists of
a large number of heterogeneous access nodes and cloud
computing resource units, and its resource should be virtualized for sharing as well. Therefore, a large-scale SON (LSSON) that integrates a unified autonomic process of ultracomputing, ultra-planning, ultra-configuration, and ultraoptimization is preferred [3].
LS-SON can reduce the complexity of cochannel interference management in H-CRAN to save the operating costs

of all RRHs and ACEs. So it is used to coordinate the
management functions of the entire network and improve the
overall operational efficiency. Because NodeC needs to serve
multiple RANs and cooperate with RRHs, it is considered
to implement self-configuring, self-optimization, and selfhealing by using a centralized SON architecture for LS-SON.
As one of the critical functions and use cases of SON,
self-healing not only identifies fault events, but also is able to
diagnose the causes (for example, deciding why it happened),
and then triggers appropriate compensation mechanism to
turn network to normal state [6]. In H-CRAN, it first has to
perceive a fault that has occurred or is about to occur and
then adopts proper actions to recover the services (partially
or wholly, definitely or temporarily).
According to 3GPP standard, the self-healing function
can be further divided into multiple use cases, including fault
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diagnosis, fault classification, and COM. COM first needs to
detect the cell outage automatically and then perform a reasonable compensation mechanism to repair the faults, so as
to minimize the impact of cell outage [7]. Therefore, COD is
an essential prerequisite for self-healing.
At present, the studies of COD mainly aim at traditional LTE/LTE-A HetNet with limited data collection, which
may not be appropriate for the complex H-CRAN network
architecture. This paper proposes a self-organized COD
architecture and a corresponding approach for H-CRAN
based on previous work and gives a use case with HO data
analysis to evaluate them.
The rest of the paper is organized as follows. Section 2
introduces the related work for COD. Section 3 proposes the
architecture and approach for 5G H-CRAN COD, meanwhile
introducing COD procedures and related technologies. In
Section 4, a COD use case for HO data analysis with modified
M-LOF is introduced, and conclusions are given in Section 5.

2. Related Work
In wireless communication networks, cell outage is mainly
caused by the software and hardware faults which bring in
network communication interrupt, thus affecting network
QoS and users’ QoE [8]. At present, the existing COD
researches mainly focus on the LTE/LTE-A HetNet. Several
detection methods use data collected by drive test or subscriber complaints to analyze the network faults and cell
outages. For instance, in [9], COD is analyzed autonomously
by preprocessing the minimization drive testing (MDT)
together with local outlier factor based detector (LOFD) and
one class support vector machine based detector (OCSVMD)
to detect and localize anomalous network behavior. These
solutions not only cost much time and manpower cost, but
also require expert knowledge or prior experience.
Several studies pay attention to COD with KPI variation
such as handover statistics [10], and a cooperative femtocell
outage detection architecture, which consists of a trigger stage
and a detection stage with RSRP, is introduced in [11]. Further,
an efficient discriminant function is used to complete COD
with CQI and RRC connection reestablishment information
in [12]. However, these approaches are just suitable for
traditional UMTS or LTE/LTE-A networks.
Recently, there have been a few studies that focus on
COD with machine learning approaches under data collected
from users or cells. In [13], an unsupervised data mining
algorithm with a reference signal received power (RSRP) and
reference signal received quality (RSRQ) was proposed to
detect cell outages. Reference [14] applied the Hidden Markov
model for cell outage detection under RSRP and RSRQ
as well. Further, a classification-based approach named 𝐾nearest neighbor (KNN) is proposed for COD in [15], and
transductive confidence machines (TCM) based COD with
RSRP and SINR data is proposed in [16]. Moreover, our
previous work used LOF to detect cell outage with handover
statistics [17]. These works can give suggestions for technology selection for 5G H-CRAN COD.
In particular, RRHs failure in 5G H-CRAN may be difficult to detect because their failure may not trigger operation
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and maintenance system alarm, which make that self-healing
function unable to timely compensate for these nodes. As a
result, the outage may last hours or a few days before being
discovered, unless the abnormal status is captured by DT test
or feedback from users.
Rapid fault discovery and localization of abnormal cells
can reduce network paralysis and deterioration caused by
node outage. Due to the high density of nodes in H-CRAN,
the faults of a single RRH will not quickly affect the network
as users may handover or reconnect to neighbor RRHs or
ACEs. It increases the fault tolerance rate but makes COD
more difficult as well, thus increasing the instability of the
network.
Based on above analysis, we find that present COD
approaches for LTE/LTE-A HetNet may not be suitable
for H-CRAN due to their limited data sets and obvious
outage alarm. Therefore, in this paper, we will establish COD
architecture with complete procedures to handle implicit
RRH outages.

3. COD Architecture and
Approach for 5G H-CRAN
To make it clean, in 5G H-RAN, we also regard the coverage
of each RRH as a cell. Still, cell definition for ACEs may use
traditional ones. As COD for ACEs can be easily resolved
by approach mentioned above in HetNet, here we mainly
concentrate on implicit cell outage for RRHs.
For the convenience of illustration, we consider a simple
cell outage scenario in H-CRAN under a NodeC as shown
in Figure 2. Here one ACE and many randomly distributed
RRHs are under control of one NodeC. When a RRH
cell turns into outage, its serving users may reconnect to
ACE or handover to another RRH cell. This reconnection
or handover will result in signaling and communication
variation among users, RRHs, ACEs, and NodeC. We require
all these data to execute COD if we want to achieve accurate
and timely outage detection.
In the above scenario, a simple user reconnect procedure
is shown in Figure 3. If a user has to establish a communication link with a RRH, it first sends a “Connection
Request” command to it, and then this RRH will send a
“Resource Request” command to NodeC. Only when NodeC
reply a “Request Response” command to RRH with required
resource allocation, the RRH will give a successful connect
reply with “Connection Setup” to users. Then the service will
go on. It means a user keeps a connection to a RRH under
the control of NodeC with allocated resource. If the RRH
has gone into outage state due to cable loss or power off,
user’s service will fail and it will attempt to reconnect to ACE
or other RRHs. If NodeC has enough resource, connection
between user and ACE will be established again as the same as
RRH connection. Here RRH outage may not report to NodeC
immediately. However, we can count the time of connect
request from user to other RRH and ACE, as the two counting
points show in Figure 3. If we store these data and analyze it
with time series fitting or prediction, we may get variation
features and obtain abnormal points at several time intervals,
which may be useful for RRH COD.
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Figure 2: Cell outage in H-CRAN.
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Figure 3: An instance of user reconnection process.
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Figure 4: Overview architecture for COD in 5G H-CRAN.

Based on the above analysis, we want to construct an integrated COD architecture for 5G H-CRAN, and its detailed
introduction is given below.
3.1. COD Architecture and Procedures. Firstly, the proposed
architecture for COD can be found in Figure 4.
As shown in Figure 4, COD mainly consists of data
collection and data analysis stages. Firstly, data collection
should store data from different sources, which are as follows:
(1) Data collection from users through measurement
reports, such as RSRP, RSRQ, SINR, and CQI information: this information is always huge and hard to
be handled synchronously as the time interval is fairly
dense. So we can set a sampling interval and just take
the statistics for them.
(2) Data collection from RRH/ACE, such as HO/Connection Request/NCL: these data may come from the
KPI statistics from OAM system. These data are performance indicators and can be used directly as the
interval is defined beforehand under acceptable level.
(3) Data collection for NodeC, which may network level
data such as network topology, and preconfigured
cell parameters (transmit power, spectrum, antenna
height, and tilt): these data can be used to supplement
the spatial and temporal analysis of different cells.
(4) Drive test data: drive test is a tool to verify network
performance afterward. It can be used as a validation
for COD conclusions and thus provide correction
suggestions for COD approach.
After data collection, all the data can be put to data
analysis stage to execute COD. As shown in Figure 4, with
SON entities which located at NodeC, the procedure will be
executed as follows:

(1) SON entities firstly should preprocess these data to
improve the data quality.
(2) SON entities adopt temporal and spatial prediction
method to obtain varying patterns for temporal data
and spatial data, respectively.
(3) Next SON entities choose proper machine learning
approach to identify the outage cell.
Still, with COD results, we can give suggestions for COC.
And COC effectiveness evaluation can be obtained through
network performance monitoring, thus constructing a selforganized loop. The critical technologies of preprocessing,
spatial and temporal prediction and machine learning will be
introduced next.
3.2. Key Technologies for COD
3.2.1. Data Processing. Data processing includes two concepts
such as Data Cleaning and Feature Engineering. These two
are compulsory for achieving better accuracy and performance before machine learning and deep learning. And it
includes data cleaning, data integration, data transformation,
and data reduction. So in our architecture, we should choose
proper data processing approach to obtain high-quality data.
3.2.2. Spatial Prediction. Spatial prediction technologies
mainly aim at analysis spatial traffic distributions or capture user variations. Currently, several methods have been
adopted in this field, such as log-normal or Weibull distribution used in [18] or traffic patterns identifying methods
proposed in [19]. With spatial prediction, we can obtain
different distribution laws.
3.2.3. Temporal Prediction. Temporal prediction is aiming
at predicting future variation direction based on past and
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Table 1: Cell level data.

Measurements
Time
Cell info
Cell location
Cell inHO

Description
Transmission time interval (TTI)
Cell global identity (CGI)
Longitude and latitude information
Cell incoming handover

current temporal sequence data, for instance, traffic variation
of one ACE or load of NodeC. Temporal prediction can
adopt Holt–Winter traffic forecast [20] or S-ARIMA model
[21] to construct prediction sequences, which will be useful
for abnormal traffic recognition. Moreover, joint temporalspatial predication approaches deserve more attention as well.

Table 2: Simulation parameters.
Simulation parameters
ACE
RRH
User number
User distribution
Link direction
BS Tx power
Path loss model
UE velocity
User distribution
Cell selection criteria
Simulation length

Value (unit)
19 sites, with 3 cells each
1 cell per site
25 per ACE
Uniform random distribution
Downlink
46 dBm
Cost231-Hata
15 km/h
Uniform
Strongest RSRP defines the target cell
150 TTI

3.2.4. Machine Learning. As analyzed in [22], machine learning has been used for LTE/LTE-A self-healing and achieves
remarkable results. However, these methods are mainly based
on single data source and do not take integrated data set
shown in Section 3.1 together. To make COD more accurate
and intelligent in 5G networks, deep learning model [23] such
as DRN model can be considered.

4. A Use Case for 5G H-CRAN COD
According to the architecture and procedures above, we
introduce a use case to achieve COD for 5G H-CRAN. Here
we suppose that the outage RRH or ACE cell cannot carry
traffic anymore. Typically at this point, all users served by
this cell have to be offloaded to its neighbor cells. This will
result in a huge number of handovers in H-CRAN. The rising
handovers in neighbor cells could be easily detected by means
of data mining. So we will discuss our algorithm by using the
temporal data of inHO statistics collected from the NodeC.
RRH cell

4.1. Use Case Scenario Description. The scenario is shown in
Figure 5. It consists of 19 ACE with 25 users under coverage.
All these users are active users. Each ACE has 3 cells and
one RRH cell is located under each ACE cell. The UEs are
randomly distributed in cells to generate handover statistics
and measurement reports.
Still, we mainly collect cell level information stored in
NodeC as shown in Table 1.
Moreover, in order to make the evaluation more obvious,
we will evaluate the procedure under a simulation platform
developed by our lab. Parameter settings can be found in
Table 2.
In our simulation platform, we assume that rapid decrease
of cell’s transmit power indicates cell outage. That is, we can
set cell outage manually to evaluate efficiency of our approach. Then users under the affected outage areas switch to
the neighbor cells which will increase the number of handovers. We will use the inHO data collected from all the cells
with a machine learning methods to evaluate whether outage
cells can be detected.

ACE

Figure 5: Scenario use case for 5G H-CRAN.

4.2. COD Procedures with M-LOF. Considering the situations above and the advantage of LOF shown in [9], a modified LOF based detector is adopted to detect the outage by
extracting both spatial and temporal correlations of handover
statistics over the neighbors of outage cells. The procedure is
shown in Figure 6.
The COD procedure includes four steps: data collection,
preprocessing, machine learning, and localization, and all can
be executed automatically under the control of LS-SON. In
this way, the outage cell can be detected timely, so we can
minimize the performance degradation of the network. Here
we will introduce the functions in three steps.
4.2.1. Preprocessing. When data collection is finished, SON
entities proceed to extract feature vector 𝑇𝑖 for LOF [24],
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After slicing the data series, linear functional transformation criterion is used to normalize the data to eliminate errors
caused by nonuniform features. For example, the criterion of
𝑆𝑗 is defined as

Data Collection

Cell Level Data
H-CRAN
Database

𝑆𝑗 =

Pre-processing

Filter

Low-dimension

Standardization

Parameter
Estimation

Detection

Store data to
database

Yes

.

Test z score
Calculation

𝑑 (𝑜𝑖 , 𝑝) ≤ 𝑑 (𝑜𝑘 , 𝑝) ,

Outage

(4)

and for at most 𝑘 − 1 cells 𝑜𝑖 satisfies
𝑑 (𝑜𝑖 , 𝑝) < 𝑑 (𝑜𝑘 , 𝑝) .
COC

corresponding to each temporal data. Since the inHO data is
collected from different cells at the different time, the data
vector is designed as spatial-temporal series.
In fact, the inHO statistics of outage cells are zero since
the KPIs in outage cell cannot be collected. Moreover, for one
possibility, there may be a few zero-inHO cells, because no
active users are within their coverage. This will enhance the
difficulty of detection. In this case, we filter all inHO statistics
of zero. Here each cell splits out an ordered time series of
inHO. To finish length-wise normalization and carry out
uniformization and standardization processing, we slice the
time series to several subseries.
For temporal analysis, 5 TTIs data is put into one feature
vector 𝑇𝑖 , as shown in below where 𝑖 represents the order of
subseries.
𝑇𝑖 = {inHO1 , inHO2 , inHO3 , inHO4 , inHO5 } .

Definition 3. Reachability distance of cell 𝑝 with respect to
cell 𝑜 is denoted as rd𝑘 (𝑝, 𝑜); it is the maximum one of 𝑑𝑘 (𝑝)
and the distance between 𝑝 and 𝑜.
rd𝑘 (𝑝, 𝑜) = max {𝑑𝑘 (𝑜) , 𝑑 (𝑜, 𝑝)} .

(2)

(6)

Definition 4. Local reachability density of cell p, denoted as
lrd𝑘 (𝑝), is shown as follows:
lrd𝑘 (𝑝) =



𝑁𝑑𝑘 (𝑝) (𝑝)


.
∑𝑜∈𝑁𝑑 (𝑝) (𝑝) rd𝑘 (𝑝, o)

(7)

𝑘

Definition 5. Local outlier factor of cell p, denoted as
LOF𝑘 (𝑝), can be obtained as below:

(1)

The feature vector 𝑇𝑖 utilizes exactly one cell’s inHO data,
which is used to find out the time when an outage happened.
For spatial analysis, one feature vector 𝑆𝑗 consists of 𝑙
cell handover statistics at TTI time 𝑗, where 𝑗 represents the
identity of the cell.
𝑆𝑗 = {inHO1 , inHO2 , inHO3 , inHO4 , inHO5 , inHO6 ,

(5)

Definition 2. 𝑘-distance neighborhood of cell 𝑝, denoted as
𝑁𝑑𝑘 (𝑝) (𝑝), when 𝑑𝑘 (𝑝)is given, 𝑁𝑑𝑘 (𝑝) (𝑝) is the set which
includes every cell whose distance to cell 𝑝 is smaller than
𝑑𝑘 (𝑝).

Figure 6: COD procedure with modified LOF.

inHO7 , inHO8 , . . . , inHOl } .

(3)

Definition 1. k-distance of cell 𝑝, denoted as 𝑑𝑘 (𝑝), represents
the distance between cell 𝑝 and its 𝑘th nearest neighbor, so
that for at least 𝑘 cell 𝑜𝑖 satisfies

Localization
No
Z>
threshold?

max𝑗 (𝑆𝑗 ) − min𝑗 (𝑆𝑗 )

4.2.2. Machine Learning. LOF detection is an unsupervised
anomaly detection algorithm. The local densities of target
points are calculated by LOF used to compare with its
neighbors. The larger the difference between the sample
and its neighbors is, the larger outage factor score will be
assigned to the sample. The advantage of LOF is that no prior
knowledge is required in advance to detect the unknown
cell outage. The detailed definitions of LOF are explained as
follows.

Machine Learning

M-LOF
Calculation

𝑆𝑗 − min𝑗 (𝑆𝑗 )

LOF𝑘 (𝑝) =

∑𝑜∈𝑁𝑑

𝑘 (𝑝)

(lrd𝑘 (𝑜) /lrd𝑘 (𝑝))
.


𝑁𝑑𝑘 (𝑝) (𝑝)



(𝑝)

(8)

The above descriptions give the definition of LOF. From
our previous work in [17], the proposed M-LOF is a proper
approach for heterogeneous network, so here we use the
modified LOF algorithm called M-LOF to make a refined
choice for H-CRAN. Definitions of M-LOF and m-distance
are given below.
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Figure 7: Spatial analysis for abnormal cells.

Definition 6. 𝑚-distance of cell 𝑝, given the positive integer
𝑘, is defined as
𝑚− 𝑑𝑘 (𝑝) = 𝜀 + [
[

∑𝑜∈𝑁𝑑 (𝑝) (𝑝) 𝑑 (𝑝, 𝑜)
𝑘
].


𝑁𝑑𝑘 (𝑝) (𝑝)


]

(9)

Here 𝜀 is a constant value to enhance the accuracy.
Definition 7. 𝑚-distance neighborhood of cell p, denoted
as 𝑁𝑚− 𝑑𝑘 (𝑝) (𝑝), is the set which includes every cell which
distance to cell 𝑝 is smaller than m-distance.
Definition 8. Reachability distance of m-distance of cell 𝑝
concerning cell o, denoted as 𝑟− 𝑑𝑚 (𝑝, 𝑜), is
𝑟− 𝑑𝑚 (𝑝, 𝑜) = max {𝑚− 𝑑𝑘 (𝑜) , 𝑑 (𝑜, 𝑝)} .

(10)

Definition 9. Local reachability density of cell p is defined as

𝑁
 𝑚− 𝑑𝑘 (𝑝) (𝑝)
.
lrd𝑚 (𝑝) =
(11)
∑𝑜∈𝑁𝑚 𝑑 (𝑝) (𝑝) 𝑟− 𝑑𝑚 (𝑝, o)
− 𝑘

Definition 10. Modified local outlier factor of cell p is shown
below:
LOF𝑚 (𝑝) =

∑𝑜∈𝑁𝑚

(𝑝) (lrd𝑚 (𝑜) /lrd𝑚 (𝑝))
.


𝑁𝑚− 𝑑𝑘 (𝑝) (𝑝)



− 𝑑𝑘 (𝑝)

(12)

According to the definition of LOF𝑘 (𝑝) and LOF𝑚 (𝑝), the
choice of 𝑘 is exactly sensitive. As a consequence, if there is a
prior experience, we will choose the cross-validation method
to estimate the parameter k.
4.2.3. Localization. The last step is localization based on the
output of LOF calculation. Here the neighbor cell list [25] is
used to search the relation between the outage cell and its
neighbor cells by geographic information with 𝑧-score. In this
way, the outage cells may be localized.

4.3. Results Analysis. Based on the above steps, M-LOF
would detect anomalous behaviors of handover. And in the
simulation, the value of 𝑘 for the LOF based detector is found
between 5 and 14.
For the purpose of validation, we will first analyze the
results from the spatial and temporal perspectives and then
determine outage cell locations with neighbor cell list, and
performance comparison between M-LOF and LOF will be
given at last.
4.3.1. Spatial Analysis. For spatial analysis, we focus on the
temporal data of different cells at the same time period.
Figure 7 shows the M-LOF of each cell at 95th TTI. It can be
seen that factor values derived from six cells’ inHO data are
far higher than the normal value which is usually less than
1.5. Therefore, the abnormal cells can be distinguished from
normal cells as they have experienced many user reconnections.
For comparison, Figure 7 also shows the detection result
using MDT measurements (with RSRP and SINR) as the data
source. It can be seen that the abnormal cells are hard to be
detected using MDT. Because M-LOF values of cells based
on MDT data are smoother than inHO data. In contrast,
our proposed method using the inHO data has a better
performance for abnormal cell detection in H-CRAN.
4.3.2. Temporal Analysis. Figure 8 shows the temporal analysis result for M-LOF variations relative to TTI for outage cell
13. At this time, from the results we find that M-LOF value
arises between TTI 90 and TTI 100, which is in accordance
with our outage time setting. As initial connections of users
occur between 0–5 TTI under unstable status, so we just
ignore these data.
4.3.3. Localization. After the implementation of M-LOF
based detector, neighbor cell list is used to localize the outage
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Table 3: Performance evaluation.
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where 𝑛𝑘 is the M-LOF value of kth cell and 𝜇𝑛 , 𝜎𝑛 are
the mean and standard deviation of M-LOF value for the
anomaly scores of the other cells. The reference 𝑧-score
threshold is configured with a preferred value for the abnormal cells. Here the reference 𝑧-score is set to 2.1 according to
the computing results. We conducted two sets of evaluations
to make a comparison of performance of COD based on
inHO data and MDT data, respectively. The results can
identify outage cell 18 and cell 61, which is the right one as
shown in Figure 9, as LOF values of their neighbor cells are
relatively higher than other cells.
4.3.4. Performance Evaluation. In this part, we analyzed
the M-LOF detection performance under varying traffic
conditions. Since the behaviors of users have a direct effect on
inHO data, the diagnosis process has been tested in different
scenarios by changing the User Density (UD) and User
Velocity (UV) parameters as the baseline setup. To evaluate
the impact of the variations of UD and UV on M-LOF
values, different scenarios are set up by adjusting these two
parameters. The Cumulative Distribution Function (CDF) of
the M-LOF values under different UV conditions is shown in
Figure 10.
It can be seen that, for the low-velocity scenario, almost
80% of the M-LOF values are less than 0.5. However, there
is a significant reduction in the M-LOF value as the UV
increases. Likewise, a similar behavior is observed with the
increase of UD, as shown in Figure 11. The UV and UD
parameters influence the distribution and spread of the inHO
data as explained earlier, and consequently the value of MLOF. This leads to a low detection performance of M-LOF
since it generates an increased number of false alarms.

Outage cell
Affected cell

Figure 9: Outage cell location results.

At last, this paper compares LOF and M-LOF by evaluating False Positive Rate (FPR) and False Negative Rate (FNR)
and the final results of the simulation are shown in Table 3.
The FNR represents the chance that an outage cell is not
recognized from the outage cells, while the FPR represents
the chance that a normal cell is recognized as the outage cell
from all normal cells.
From Table 3, we can see that FPR and FNR of LOF based
detector are 12% and 3%, respectively. It means the outage
cell can be almost wholly detected, although a small part of
the normal cell may be determined as an anomaly. The main
cause of the 3% FNR is that a small number of anomalous cells
have low traffic so that seldom user data cannot be collected
when they are in outage. So these small cells are failed to be
detected. However, these outages have little impact on overall
network performance and user experience. Therefore, we
can say the outage cells can be detected successfully with
LOF based detector approach. As for M-LOF, the FPR is 6%
which is smaller than LOF. The reason why M-LOF has better
performance is that M-LOF pays more attention to local
density. This is in line with the actual use of outage detection
since the abnormal handovers caused by the neighbor outage
cell are also localized.
Still, as M-LOF just modified the distance computation of
LOF, so for time complexity, it is just the same as LOF, with
is 𝑂(𝑛2 ). Here 𝑛 is the TTI number or cell number shown in
Figure 7 or Figure 8.
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account as well and compare the efficiency of different algorithms under a embodied H-CRAN network deployments.
Moreover, we will focus on a specific perspective for selfhealing approaches for H-CRAN and propose more practical
solutions.
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5. Conclusions
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The new radio technology for the fifth-generation wireless system has been extensively studied all over the world. Specifically, the
air interface protocols for 5G radio access network will be standardized by the 3GPP in the coming years. In the next-generation 5G
new radio (NR) networks, millimeter wave (mmWave) communications will definitely play a critical role, as new NR air interface
(AI) is up to 100 GHz just like mmWave. The rapid growth of mmWave systems poses a variety of challenges in physical layer (PHY)
security. This paper investigates those challenges in the context of several 5G new radio communication technologies, including
multiple-input multiple-output (MIMO) and nonorthogonal multiple access (NOMA). In particular, we introduce a ray-tracing
(RT) based 5G NR network channel model and reveal that the secrecy capacity in mmWave band widely depends on the richness
of radio frequency (RF) environment through numerical experiments.

1. Introduction
Cellular mobile network has been arranged for several
years. In the past, this kind of networks was designed to
mainly facilitate a specific service, while other services were
always supported as by-products (e.g., Internet browsing and
Internet of Things deployment). However, many applications
are urgently needed in the coming decades, to name a
few, driverless car and intelligent transportation system. In
order to make these emerging applications offering more
convenience for people’s lives, a significant shift is needed
in the development of fifth-generation (5G) mobile networks
[1].
Instead of simply increasing the data rates to improve
the transmission efficiency, the International Telecommunication Union Radiocommunications Standardization Sector
(ITU-R) has announced multiple design goals of 5G mobile
networks [2], which include strong security, ultrahigh reliability, ultralow latency, extreme data rates, and extreme
capacity. In order to achieve these design goals, the 3rdGeneration Partnership Project (3GPP) launched a canonical
work plan in 2016, which is the beginning of 5G NR.
Due to the successful development of a large number of
advanced techniques in current generation 3GPP standard
[3], the 5G system is expected to consist of a number of 5G,

including the 4G LTE and new NR AIs at carrier frequencies
from below 1 GHz up to 100 GHz (e.g., mmWave) [4]. To meet
the challenging service demands and related key performance
indicators (KPIs), a highly flexible design of 5G AI is needed;
we therefore are driving technology innovation to mobilize
mmWave.
MmWave communication will play a key role in the
next-generation 5G new radio networks. MmWave generally
corresponds to the band of spectrum between frequencies
of 30 GHz and 300 GHz, with the wavelength ranging from
1 to 10 millimeters. Unlike traditional sub-6 GHz frequency
bands, mmWave bands have plenty available chunks, which
suffer from additional high path loss though [5]. Moreover,
mmWave has other merits, including limited intercell interference, low transmission latency, and improved security. As
a result, it has been adopted by some commercial standards,
for example, IEEE 802.11ad.
MmWave is intensively investigated by academia, standard organizations, regulatory commissions, and industry.
Many researchers have remarked that, as a key enabler of
5G new radio communication, mmWave infrastructure poses
new security challenges, particularly in PHY. PHY security
has attracted enormous attention from researchers, since
Wyner proposed a new type of channel named wiretap channel in 1975. Wiretap channel formulates a PHY model, where
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a transmitter (Alice) communicates with a legitimate receiver
(Bob) menaced by an eavesdropper (Eve) [6]. Wyner, the
developer of wiretap channel, justified that a perfect secure
communication can be achieved at a nonzero rate, referred
to as secrecy rate, if Bob’s channel condition overweighs Eve’s
[7].
Previous study of PHY security usually concentrated on
large-scale MIMO. MIMO was introduced to achieve the
best tradeoff between energy efficiency (EE) and spectral
efficiency (SE) [8]. Reducing circuit power helps to improve
EE in the low SE area while introducing more antennas
benefits the EE in the high SE area. Using a given number of
antennas, the optimal number of transceivers can maximize
each SE value. When taking security into account, MIMO
optimization becomes an even more complex problem, which
considers three metrics, EE, SE, and secrecy capacity [9].
MmWave technology is a burgeoning technology that
offers multi-Gbps wireless connectivity to electronic devices
in short distance. Compared to lower frequencies, mmWave
makes the RF environment too complicated to handle secrecy
capacity using MIMO channel matrix [10]. For example,
in urban area, a channel can easily have hundreds of rays,
making channel matrix too large to calculate. To overcome
this challenge, researchers apply RT models to solve mmWave
propagation problems. A survey of current propagation
modeling tools shows that RT has been a backbone of many of
these tools because of its less reliance on computer memory
and the ability to solve the three-dimensional problems on
modern desktop computers [11]. When RT is concerned,
determining the ray type from a point source to a field
point in an urban setting is not a simple task, but a hot
research topic since the 1990s [12]. For example, in [13], sitespecific models based on two-ray models were developed
for real-time prediction of the received power from waves
propagating through urban street canyons. These models are
used to predict small-area average received power for radio
communication in urban environment. The RT method, on
the other hand, is based on the high frequency regime to
solve Maxwell’s equations ray optics [14]. The RT method is a
generic propagation modeling tool that provides estimation
of path loss, arrival/departure angle, and delays [15].
The ray concept becomes valid in mmWave communications; thus we can formulate the mmWave propagation using
several mechanisms. Imagine that many rays are emitted
from the point source. Consider one of the rays and according
to the behavior of this ray we can perform the security
analysis profoundly [16].
To study the secrecy capacity of mmWave systems, we
depend on the correlation matrix to reflect the relevance of
legitimate receiver’s rays and eavesdropper’s rays. Moreover,
the RF environment decides the elements of correlation
matrix. In our proposed 5G new radio network architecture,
we have considered two propagation environments, with
rich RF and poor RF, respectively. In rich RF setup, such
as urban area, the distribution of buildings is very dense;
thus the eavesdroppers will receive more paths and have
more correlations. In poor RF setup, such as rural area, the
distribution of the buildings is sparse; thus the eavesdroppers
will receive less paths and have less correlations.
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The rest of the paper is organized as follows. We first
introduce the different mmWave propagation mechanisms
and 5G mmWave wiretap channel in Section 2. We then
analyze the secrecy capacity of 5G new radio communication
systems in different RF environments in Section 3. Section 4
presents a variety of simulation setups and justifies the system
security performance that we have derived. Finally, Section 5
concludes the paper.

2. Ray-Tracing Channel Model for
mmWave Security
Ray-tracing channel model is an effective way to formulate
mmWave system. In particular, the rays are generated based
on the following four phenomena.
Direct Rays. This ray is also called line of sight (LoS), where a
ray goes from the source to the destination directly.
Reflected and Transmitted Rays. A reflected (transmitted) ray
corresponds to the reflection (transmission) of mmWave at
interfaces between different mediums [17].
Diffracted Rays. In this case, one incident ray can spawn many
diffracted rays. A typical example is the diffraction from a
wedge that results in a continuum cone of rays.
Scattering. A general physical process where some forms of
mmWave radiation are forced to deviate from a straight trajectory by one or more paths due to localized nonuniformities
in the medium through which they pass [18].
The wavelength of mmWave is short enough to mimic
the propagation characteristic of light. As a result, the
phenomenon of reflection, diffraction, and scattering often
comes at the same time in 5G new radio networks. As shown
in Figure 1, the RF environment of city is more complex than
rural and venues, with more transmission paths.
As a trend of 5G new radio network research, raytracing model has been recently used to derive mmWave
path loss and perform multidimensional channel characterization. The higher operating frequency makes the ray optics
approximations less intense and allows for unprecedented
accuracy. When designing the radio interface of 5G new
radio communication systems, ray-tracing model goes often
in combination with measurements.
Ray tracing is considered to be the best model to help
design future short-range, mmWave wireless systems. The
most critical part of ray tracing is to predict the rays from a
source to a destination. The simplest case is for the free space,
where only one ray passes through a straight line from the
source to the destination. A more complicated scenario is an
urban environment, where there may exist many rays from
a source location to a receiving point, with each ray undergoing different number of reflections, diffractions, or scattering.
At each transmitter and receiver link, there will be several
effect rays which have different departure and arrival angles
[19], and the path loss is just calculated from the path loss and
the phase of all effective rays.
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Direction of arrival of the 𝑚th subpath of the 𝑛th cluster
at building (𝜃𝑛,𝑚,AoA ) is given as
𝜃𝑛,𝑚,AoA = 𝜃building + 𝛿𝑛,AoA + Δ 𝑛,𝑚,AoA ,

(1)

where 𝜃building is the line-of-sight (LoS) angle between building and BS, 𝛿𝑛,AoA is the AoA of the main path, and Δ 𝑛,𝑚,AoA
is the offset angle of the 𝑚th subpath.
Direction of departure at the BS (𝜃𝑛,𝑚,AoD ) is given as
𝜃𝑛,𝑚,AoD = 𝜃BS + 𝛿𝑛,AoD + Δ 𝑛,𝑚,AoD ,

(2)

where 𝜃BS is the LoS angle between BS and building, 𝛿𝑛,AoD is
the angle of departure (AoD) of the main path, and Δ 𝑛,𝑚,AoD
is the offset angle of the 𝑚th subpath.
Path Loss Fitting Method and Shading Fading. In order to
better understand the specific path loss, we use two kinds
of fitting models based on the data measurement [19]: one
is called “floating intercept model” which is expressed as
follows:
PL (𝑑) = 𝛼 + 10𝛽 log10 (𝑑) + SF,

(3)

where 𝛼 is the intercept and 𝛽 is the path loss exponent and SF
is the lognormal shadowing. In general, the floating intercept
and the path loss exponent are extracted by the least square
method to fit the measurement data.
2

∑ [𝑃 (𝑑𝑖,𝑗 ) − PL (𝑑𝑖,𝑗 )] ,
𝑖,𝑗

(4)

where 𝑖 and 𝑗 are the transmitter and receiver index. This
model is difficult to give physical meaning, but it can
provide the minimum SF standard deviation of the existing
measurement data. The disadvantage of this model is that the
distance extension beyond the measurement range is limited
and requires a large number of samples. Shadow fading (SF)
is the measured standard deviation of path loss and estimated
path loss.
SF = √

2
1
∑ (PL𝑖,𝑗 − PL𝑖,𝑗 ) ,
𝑁 − 1 𝑖,𝑗

(5)

where 𝑁 is the transmitter and receiver link number.
Another is close-in-reference method as follows:
𝑃𝑟 (dBm) = 𝑃0 (dBm) − 10𝑛 log (

𝑑
) + SF,
𝑑0

(6)

where 𝑃0 is the path loss at reference distance 𝑑0 and 𝑛 is
the path loss exponent. Valid 𝑑 should be larger than far-field
distance of the transmitter antenna.
For a smooth surface, the reflected wave is coherent
with the incident wave and is calculated by the means of
reflection coefficient. If the surface becomes slightly rough,
this specular component decays due to the scattering in all
directions. This effect is caused by a reduction factor.
𝜒 = exp (−2𝑘2 Δℎ02 cos2 𝜃𝑖 ) ,

(7)
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where 𝑘 is the wavenumber, Δℎ0 is the standard deviation
of surface height, and 𝜃𝑖 is the incidence angle. Hence, the
specular reflected power can be expressed as follows:
𝑃ref = 𝑃𝑇 (

𝜆 2 𝐺𝑇 𝐺𝑅 2 2
𝑅𝜒,
)
4𝜋 (𝑠 + 𝑠 )2

(8)

where 𝑃𝑇 is the transmitted power, 𝑠 is the path length
between the transmitter and reflection point, 𝑠 is the path
length between the reflection point and receiver, 𝑅 is the Fresnel reflection coefficient, and 𝐺𝑇 and 𝐺𝑅 are the transmitter/
receiver antenna gains.
We can suppose a reasonable command. The usual length
of the brick wall is on the order of a few centimeters and the
diffuse power is scattered in all directions 𝜃𝑠 , with 𝜙𝑠 denoting
the angle between the planes of incidence and scattering, and
can be calculated as
𝑃ref = 𝑃𝑇 (

𝜆 2 𝜎sca 𝐺𝑇 𝐺𝑅
𝑑𝑠,
) ∫
4𝜋
4𝜋𝑟𝑟
𝑆

their presence, eavesdroppers (Eves) are usually considered
to be passive, so that their channel state information (CSI) is
unknown at both the transmitter (Alice) and the legitimate
receiver (Bob). Therefore, it is advantageous to confuse the
eavesdropper with generated artificial noise (AN) by using
multiantenna techniques [21]. Specifically, in order to mask
the information to be transmitted to Bob, AN radiates
isotropically. If the perfect CSI between Alice and Bob can
be used in Alice, then the AN can be made invisible to
Bob while reducing the decoding performance of potentially
eavesdroppers [22].
In order to better understand the traditional wiretap
channel model, some formulas will be introduced [23].
Assuming that the access point is equipped with 𝑁 antennas
for downlink large-scale MIMO systems serving 𝐾 singleantenna users, 𝑁, 𝐾 ∈ N+ , 𝑁 ≥ 𝐾. The channel model can
be formulated as
G = HD,

(9)

where 𝑟 is the path length between transmitter and surface 𝑠,
𝑟 is the path length between surface 𝑠 and receiver, and 𝜎sca
is the scattering cross section per unit area of rough surface,
which can be estimated using the Kirchhoff approximation.
For the study of mmWave physical layer security, most
researchers consider ray-tracing model as a good candidate
to assist as well. Due to their intrinsic capability to simulate
multipath propagation, ray-tracing models can provide a
multidimensional characterization of radio propagation for a
variety of RF environment. Figure 2 illustrates a 5G new radio
communication wiretap channel model, where the signal
passes the legitimate channel to reach a receiver (Bob) and
the illegitimate channel to reach an eavesdropper (Eve). H, G,
Z, Z𝑏 , and Z𝑒 are legitimate receiver channel, eavesdropper
channel, noise, legitimate receiver noise, and eavesdropper
noise, respectively.
In typical wiretap channel model, the eavesdropper is
located near to the legitimate receiver, which is a common
case in low frequency. In 5G new radio networks, however,
the eavesdropper could be far from the legitimate receiver
as shown in the bottom of Figure 2. In this case, the rays
go through the buildings and undergo scattering, diffraction,
and reflection, before finally arriving at “Eve” and “Bob.”
A more complicated scenario includes one legitimate
receiver and multiple eavesdroppers. As we can see from
Figure 2, there is a set of “Eve,” and it demonstrates such an
example in a rich RF environment. It will grow up to a huge
menace, if multiple eavesdroppers can cooperatively steal the
legitimate information.

3. Secrecy Capacity Analysis in mmWave
RF Environment
3.1. Previous Works. Previously, the study of wiretap channel
model is based on the traditional system model, with largescale antenna arrays. The large space freedom provided by the
large-scale antenna arrays can be used to improve the secrecy
performance [20]. In physical layer security, in order to hide

(10)

where G = [g1 , g2 , . . . , g𝐾 ] represents the channel matrix and
D = diag{√𝛽1 , √𝛽2 , . . . , √𝛽𝐾 } is the large-scale propagation
matrix.
In the mutual coupling channel model, H = [H1 , H2 ,
. . . , H𝐾 ] denotes the fast fading matrix, and the vector H𝑘 ∈
C1×𝑁 (𝑘 = 1, 2, . . . , 𝐾) is described by the following [24]:
H𝑘 = ZR𝑘 k𝑘 ,

(11)

where R𝑘 is the steering matrix and k𝑘 denotes the Gaussian
stochastic factor. Z ∈ C𝑁×𝑁 is the constant mutual coupling
matrix related to antenna configuration in the form of
−1

Z = (𝑍𝐴 + 𝑍𝐿 ) (Γ + 𝑍𝐿 I) ,

(12)

where
𝑍𝐴 𝑍𝑀 0
[
[𝑍𝑀 𝑍𝐴 𝑍𝑀
[
[ 0 𝑍 𝑍
𝑀
𝐴
Γ=[
[
[ .
..
[ ..
. d
[
[ 0

0

⋅⋅⋅
⋅⋅⋅
⋅⋅⋅
d

0

]
0]
]
0]
].
]
.. ]
. ]
]

(13)

⋅ ⋅ ⋅ 𝑍𝑀 𝑍𝐴 ]

The complex value of 𝑍𝐿 , 𝑍𝐴 , and 𝑍𝑀 denotes the
load impedance, antenna impedance, and mutual impedance,
respectively.
However, many natural as well as man-made factors
make the propagation very random in both time and space;
microwave, optical, and acoustic waves are good examples;
they will be scattered by atmospheric turbulence, rain, fog,
vegetation, snow, biological media, and composite materials
[25]. These fluctuations may affect communications, identification, and remote-sensing of objects to some extent through
these media.
Therefore, the phenomenon of reflection, diffraction, and
scattering often come at the same time in 5G new radio networks. Because of the complexity of the propagation environment, it is definitely easier for eavesdroppers to catch the
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Figure 2: The wiretap channel model in 5G new radio networks.

transmission paths. Thereby in 5G new radio networks, the
study based on the channel matrix will be inaccurate, but the
ray-based study will lead to more prepared conclusions and
results.
3.2. The Concept of Correlation Matrix. In our analysis,
capacity refers to the transmission paths that are received by
legitimate receiver without considering eavesdroppers, and
the secrecy capacity refers to the paths that are received in
consideration of eavesdroppers. And those paths which are
received by both legitimate receiver and eavesdroppers can
be called “shared path,” which is the main reason for the
decrease of security capacity. And we define the channel
matrix generated by the shared paths as the “correlation
matrix.”
We can suppose a rectangular antenna array scenario
[23]; the 𝑘th user has 𝐴 𝑘 different azimuths of arrival (AoAs)
and elevations of arrival (EoAs). The 𝑖th azimuth of arrival
(AoA) and the 𝑖th elevation of arrival (EoA) of the 𝑘th user are
written as 𝜃𝑘,𝑖 and 𝜙𝑘,𝑖 , respectively. Then the column steering
vectors in R𝑘 = [r𝑘,1 , r𝑘,2 , . . . , r𝑘,𝐴 𝑘 ] is described by
r𝑘,𝑙

1
1
𝑇
=
× vec [a (𝜃𝑘,𝑙 ) ⊗ a (𝜙𝑘,𝑙 ) ] =
× vec {[1,
𝐴𝑘
𝐴𝑘
𝑒(𝑗2𝜋𝑑/𝜆) sin 𝜃𝑘,𝑙 , 𝑒(𝑗2𝜋𝑑/𝜆)2 sin 𝜃𝑘,𝑙 , . . . , 𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜃𝑘,𝑙 ]

(16)

besides, h𝑘,𝑖 (𝑖 = 1, 2, . . . , 𝐼) represents the channel vector
of the 𝑖th ray of the 𝑘th legitimate receiver, and g𝑗,𝑖 (𝑖 =
1, 2, . . . , 𝐼) represents the channel vector of the 𝑖th ray of the
𝑗th eavesdropper.
𝑇

g𝑗 = [g𝑗,1 + g𝑗,2 + ⋅ ⋅ ⋅ + g𝑗,𝐼 ] .

(17)

We can define as follows: h, g, and f = {h ∩ g}
denote a set of legitimate receiver channel matrices, a set
of eavesdropping channel matrices, and a set of correlation
matrices, respectively. The set of new legitimate receiver
channel vectors and new eavesdropper channel vectors are as
follows:
ȟ = sum {h − f} ,

(18)

The correlation matrix is
(14)

𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜙𝑘,𝑙 ]} ,

where ⊗ is the Kronecker product of matrices and the vec(⋅)
function represents vectorization of matrix.
As shown in Figure 3, the transmitter has 𝑁 transmit
antennas in this system, the receivers have 𝑀 receiving
antennas, and 𝑀 < 𝑁. We assume that there are 𝐾 legitimate
receivers, 𝐽 eavesdroppers, and 𝑀 = 𝐾 + 𝐽.
𝑇

𝑇

hk = [h𝑘,1 + h𝑘,2 + ⋅ ⋅ ⋅ + h𝑘,𝐼 ] ,

ǧ = sum {g − f} .

⊗ [1, 𝑒(𝑗2𝜋𝑑/𝜆) sin 𝜙𝑘,𝑙 , 𝑒(𝑗2𝜋𝑑/𝜆)2 sin 𝜙𝑘,𝑙 , . . . ,

GM×N = [h1 , h2 , . . . , h𝐾 , g1 , g2 , . . . , g𝐽 ] ,

where GM×N represents the channel matrix of the system,
where h𝑘 (𝑘 = 1, 2, . . . , 𝐾) is the 𝑘th legitimate receiver, and
g𝑗 (𝑗 = 1, 2, . . . , 𝐽) is the 𝑗th eavesdropper.

(15)

G𝑓 = H𝑓 D𝑓 ,

(19)

where G𝑓 = [f1 , f2 , . . . , f𝐿 ] with f𝑙 (𝑙 = 1, 2, . . . , 𝐿) is the correlation vector of the 𝑙th shared path, H𝑓 = [h1 , h2 , . . . , h𝐿 ] is
the fast fading matrix, and D𝑓 = diag{√𝛽1 , √𝛽2 , . . . , √𝛽𝐿 } is
the large-scale propagation matrix.
The correlation vector is
h𝑙 = R𝑙 k𝑙 ,

(𝑙 = 1, 2, . . . , 𝐿) ,

(20)

where R𝑙 ∈ C𝑁×𝐷𝑙 contains 𝐷𝑙 steering vectors with different
AoAs for the 𝑙th user and k𝑙 denotes the Gaussian stochastic
factor.
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When the rectangular antenna array is assumed at the BS,
the steering matrix R𝑙 can be written as
1
𝑇
× vec [a (𝜃𝑙,𝑖 ) ⊗ a (𝜙𝑙,𝑖 ) ] ,
R𝑙 =
(21)
𝐷𝑙
where 𝜃𝑙,𝑖 is the 𝑖th AoA of the 𝑙th user and the steering vector
a(𝜃𝑙,𝑖 ) is given as
(𝑗2𝜋𝑑/𝜆) sin 𝜃𝑙,𝑖

a (𝜃𝑙,𝑖 ) = [1, 𝑒

(𝑗2𝜋𝑑/𝜆)2 sin 𝜃𝑙,𝑖

,𝑒

,...,

𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜃𝑙,𝑖 ] ,

(22)

and 𝜙𝑙,𝑖 is the 𝑖th EoA of the 𝑙th user and the steering vector
a(𝜙𝑙,𝑖 ) is given as
a (𝜙𝑙,𝑖 ) = [1, 𝑒(𝑗2𝜋𝑑/𝜆) sin 𝜙𝑙,𝑖 , 𝑒(𝑗2𝜋𝑑/𝜆)2 sin 𝜙𝑙,𝑖 , . . . ,
𝑒(𝑗2𝜋𝑑/𝜆)(𝑁−1) sin 𝜙𝑙,𝑖 ] ,

(23)

where 𝑑 is the distance between the adjacent antennas and 𝜆
is the carrier wavelength.
The new channel matrix is
𝑇

G 𝑀×𝑁 = [h 1 , . . . , h 𝐾 , f1 , . . . , f𝐿 , g 1 , . . . , g 𝐽 ] ,

(24)

where h 𝑘 (𝑘 = 1, 2, . . . , 𝐾), f𝑙 (𝑙 = 1, 2, . . . , 𝐿), and g 𝑗 (𝑗 =
1, 2, . . . , 𝐽) represent the new channel vector of the 𝑘th
legitimate receiver, the correlation vector of the 𝑙th shared
path, and the new channel vector of the 𝑗th eavesdropper.
3.3. Projection Matrix. We implement the null-space method
in the system. To eliminate the eavesdropping signal of
the eavesdroppers, we propose a projection matrix and we
can explain the process for obtaining projection matrix M,
mapping and precoding, as shown in Figure 4.
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The joint eavesdropping channel matrix GEve-𝑓 = [f1 , . . . ,
f𝐿 , g 1 , . . . , g 𝐽 ]𝑇 . To calculate M by singular value decomposition (SVD) [26], the projection matrix is derived from the
following equations:
GEve-𝑓 = UEve-𝑓 ΛEve-𝑓 VEve-𝑓 ,
𝐻

M = V0Eve-𝑓 (V0Eve-𝑓 ) ,

(25)

where UEve-𝑓 ∈ C𝑁×𝑁, ΛEve-𝑓 ∈ C𝑁×(𝐾−𝐾𝑚 ) , and VEve-𝑓 ∈
C(𝐾−𝐾𝑚 )×(𝐾−𝐾𝑚 ) are SVD factor matrices. V0Eve-𝑓 ∈ C(𝐾−𝐾𝑚 )×𝑁
is a subspace of column vector space of VEve-𝑓 . By multiplying
M and precoding, the precoding matrix 𝜔 is shown in
Figure 4.
3.4. 5G New Radio Network Signal Transmission Process. Figure 5 illustrates that the eavesdropping signal is cancelled by
the full view of entire system, which is equivalent to system
formula in equation. After manipulation, eavesdropping
signals can be eliminated from eavesdroppers and shared
paths to ensure the security of transmission.
Y = GM𝜔S + N,
𝑇

N = [NBob , NEve ] ,
𝑇

S = [sBob , sEve ] ,

(26)

G = G𝑀×𝑁,
𝑇

Y = [yBob , yEve ] .
After the receiving signal has been processed by the
projection matrix M and precoding matrix 𝜔, we can get the
expecting result, where Y demonstrates the receiving signal
of the transmitted signal S and N denotes the White Gaussian
noise.
According to the investigation of the wiretap channel
model above, it is easy to notice that correlation matrix has
a lot to do with secrecy capacity. However, sometimes the
correlation matrix can be largely affected by the RF environment. For example, in a rich RF environment, like urban
area, the distribution of buildings is more complex; thus
the eavesdroppers will be more likely to receive more paths,
and there will be more correlations. However, in a poor RF
environment, like rural area, the distribution of the buildings
is monotonous; thus the eavesdroppers will less likely to
receive paths, and there will be less correlations.

3.5. The Different RF Environment In 5G New Radio Networks.
As shown in Figure 6, the signal passes the legitimate channel
to reach a receiver and the illegitimate channel to reach an
eavesdropper, and these related rays that are received by
both can be called “correlation matrix.” We simulated the
urban area here; there are massive eavesdroppers and more
buildings, and these eavesdroppers can be called “distributed
deployment.” The more the buildings here are, the more the
rays can be received, not only for legitimate receiver, but also
for eavesdroppers. As a result, these eavesdroppers can form
a cluster, and each terminal has a few paths of the legitimate
receiver, and the more the paths are, the more the paths can
cooperate to decode the information.
Figure 7 simulates the rural area; there are only two
ordinary houses and still a lot of eavesdroppers. Because the
distribution of the buildings is not so complicated, thereby
only two eavesdroppers can receive the paths, and there will
be less correlation matrix here.
As a result, we can get the conclusion from our proposed
5G new radio network architecture. In urban area, the
distribution of buildings is more complex, then the legitimate
receiver will receive more paths, and the capacity of the
receiver will become larger. At the same time, the probability
of capturing the shared paths for the eavesdroppers will
increase, and the growth is also reflected in the correlation
matrix, which will lead to the decrease of the secrecy capacity
of urban area. However, in rural area, the distribution of
buildings is monotonous, then the legitimate receiver will get
less paths, and normally the capacity of receiver will become
smaller. For the eavesdroppers, they have less opportunities
to get shared paths, and the elements of correlation matrix
will decrease accordingly.

4. Simulation Result
As mmWave can provide multi-Gbps wireless connectivity
for electronic devices, it has gradually become a burgeoning
technology. However, mmWave makes the RF environment
too complicated to deal with the secrecy capacity. Thus,
using traditional massive MIMO channel matrix based on
mmWave is not feasible any more. Based on our study
of correlation matrix, the ray-tracing method is a generic
propagation modeling tool which can provide estimates of
path loss, arrival/departure angles, and time delay. Thereby,
the ray-based study will lead to more prepared results.
As for the complexity for theoretical analysis of the
capacity and the nonclosed form solution of the result,
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Figure 6: Ray-tracing channel model for physical layer security in urban area.

Diffracte

d rays

Direct rays

Sc

att
er

Bob
Bob Distributed
deployment
Bob

in
gr

ay
s

Eve
Eve

Rough surface

Distributed
deployment

Eve

Related Rays
Traditional Rays

Figure 7: Ray-tracing channel model for physical layer security in rural area.

simulation is used to describe the feasibility of our proposed
method.
We evaluate the performance of the proposed ray-tracing
based 5G new radio communication channel model separately using MATLAB simulation. The simulation parameters
are shown in Table 1.
4.1. Analysis of Each Capacity for Urban Area. In Figure 8,
the impact of the number of eavesdroppers on each capacity
of urban area is investigated. It is observed that the security
capacity gradually decreased, and wiretap capacity gradually
increased with the rising in the number of eavesdroppers. As

the transmission paths that are received by legitimate receiver
are certain, capacity is immutable.
Under the circumstance that the total number of legitimate receivers of urban area is fixed at 80, Figure 9 shows the
trend of each capacity with the change of distance between
eavesdroppers and legitimate receiver. As the distance goes
farther, the probability of capturing the shared paths for
eavesdroppers will decrease, and when the distance is far
enough, no transmission paths can be received, which reflects
zero wiretap capacity in the figure. In contrast, secrecy
capacity will be relatively increased, and it will be equal to
the capacity finally.
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Figure 10: Impact of the number of eavesdroppers on each capacity
of rural area.
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Figure 9: Impact of the distance between eavesdropper and legitimate receiver on each capacity of urban area.

4.2. Analysis of Each Capacity for Rural Area. Figure 10 illustrates the trend of capacity in rural area. As the distribution
of buildings is monotonous, less transmission paths can be
received; thus the trend in Figure 10 is less pronounced,
but, with the increase in the number of eavesdroppers, the
secrecy capacity and the wiretap capacity also showed stable
changes.
Compared to Figure 8, as the complexity of rural area is
lower than that of urban area, the shared paths of rural are
less than that of urban area, which means that the secrecy
capacity in rural area will not fall as much as that of urban
area.
As can be observed from Figure 11, the distance value
which makes the secrecy capacity and the wiretap capacity

0
20
40
60
80
100
120
140
160
180
The Distance Between Eavesdropper and Legitimate Receiver (m)
Total Capacity
Secrecy Capacity
Wiretap Capacity

Figure 11: Impact of the distance between eavesdropper and
legitimate receiver on each capacity of rural area.

tend to be constant is smaller. As the distribution of buildings
is not complex in rural area, so when the distance reaches
a marginal value, no transmission paths can be received by
eavesdroppers, as the zero wiretap capacity shown in figure.
Compared to Figure 9, as the complexity of rural area
is lower than that of urban area, the probability of catching
shared paths for eavesdroppers is smaller. Thus, under the
condition of increasing the same distance, the wiretap capacity of rural area decreases more rapidly. On the other hand,
the secrecy capacity of rural area increases more rapidly, and
when the initial value is 20 meters, rural area has a certain
secrecy capacity, while the secrecy capacity of urban area is
almost zero.
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Table 1: Simulation parameters.

Parameters
Transmit antenna number
Legitimate receiver number (urban/rural)
Path number (urban/rural)
Eavesdropper number
Shared path obtain probability (urban/rural)
Distance between eavesdropper and legitimate
user
Frequency
Tx/Rx antenna height
Tx/Rx antenna gain
Scenario

Values
128
80/30
70/40
2 to 18
70%/20%
20 to 180 m
38 GHz
36/1.5 m
25/13.3 dB
Urban/rural area

5. Conclusion
This work develops a ray-tracing based security channel
model for 5G new radio communications. In particular, we
rely on the concept of correlation matrix to reflect the relevance of rays between legitimate receiver and eavesdroppers.
As the RF environment decides the elements of correlation
matrix, we investigate both rich RF environment, such as
urban area, and poor RF environment, such as rural area
in our proposed architecture, and if the RF environment is
more complex, the eavesdroppers are more easily to obtain
the correlation paths. Our simulation results indicate that the
secrecy capacity reduces faster in urban area than in rural area
with the growth of cooperative eavesdroppers. Besides, with
the distance between eavesdropper and legitimate receiver
increased, the secrecy capacity of both urban and rural area
will increase but the rate of growth in urban area is less than
that in rural area. In addition, when the distance reaches a
certain value, the secrecy capacity and the total capacity in
urban and rural area are consistent, and the capacity is equal
to the sum of secrecy capacity and wiretap capacity.
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