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Abstract—Due to the increasing demands of global mobile 

traffic, it poses significant challenges to the limited spectrum 

resource especially in Industrial, Scientific and Medical (ISM) 

radio bands which are utilized by cross technologies (e.g. 

WiFi/LTE-U/ZigBee/Bluetooth). The contradiction between the 

growing traffic demands and limited spectrum resource 

introduces a serious spectrum crisis in ISM radio bands. Thus, 

having a full understanding of the insightful causes of the 

spectrum crisis is crucial to propose the potential resolutions. In 

this paper, we analyzed the insightful causes of the spectrum 

crisis and summarized the potential resolutions. Besides the 

growing traffic demands, the insightful causes lie in the 

interference and multipath effect when radio propagates in the 

air. The recent resolutions are mainly focusing on three folds: 1) 

how to advance the collaborating the spectrum occupation 

among cross technologies; 2) how to enhance the performance 

in the isomorphic networks; and 3) how to achieve additional 

applications over the communication links. 

Index Terms—Spectrum crisis, spectrum utilization, 

interference, multipath effect 

 

I. INTRODUCTION 

Recently, as the update and advancement of mobile 

devices in Internet, Internet of Things (IoT) and Internet 

of Everything (IoE), the mobile traffic demands grow 

explosively. According to the global traffic forecast by 

Cisco Visual Networking Index (VNI) [1], global mobile 

data traffic reached 3.7 exabytes per month at the end of 

2015, up from 2.1 exabytes per month at the end of 2014. 

Further more, the mobile data traffic will continue to 

grow and reach 30.6 exabyte per month by 2020 at a 

compound annual growth rate (GAGR) of 53%. However, 

the spectrum utilized to offload these mobile traffic is 

limited according to the regulations of ITU (International 

Telecommunication Union) [2]. Therefore, how to solve 

contradiction of the growing traffic and the limited 

spectrum resource poses significant challenges especially 

in industrial, scientific and medical (ISM) radio bands. 

The spectrum crisis of ISM bands is more serious than 

other licensed bands attributes to three reasons as follows. 

1) the existence of cross-technologies without 
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collaborating with each other for spectrum utilization; 2) 

various technologies operated in licensed bands are 

intending to offload their traffic to ISM bands; and 3) 

growing Low-Power Wide-Area (LPWA) connections are 

adding to ISM bands as the explosion of IoT devices [3]. 

As an example of the first reason, ISM 2.4 band are 

crowed with multiple technologies such as WiFi, ZigBee, 

Bluetooth, wireless cordless, microwave ovens and etc., 

they would interfere with each other when they transmit 

simultaneously in the same frequency without 

negotiations and collaborations among these 

cross-technologies. Therefore, the interference among 

different devices with various technologies is limited to 

the spectrum utilization of ISM bands.  

Besides the present technologies in ISM bands, other 

technologies in licensed band also intend to offload their 

traffic to ISM bands. For example, there has been a 

recent push by many major companies, such as 

Qualcomm [4], [5], Huawei [6], Nokia [7], [8], Ericsson 

[9] to deploy LTE devices in 5GHz as the addition of the 

existing licensed spectrum. Qorvo and Triquint have 

published their first chip respectively to support the 

coexistence of WiFi and LTE in 5GHz [10], [11], and 

LTE-U forum and 3GPP also publish their standards for 

LTE operating in ISM bands [12], [13]. 

As the development of IoT and IoE, Low-Power 

Wide-Area devices also have a considerable growth 

according to the forecast of VNI [1]. The mobile traffic 

generated by the low power wearable devices will reach 

335 petabytes by the end of 2020, which are 23 folds of 

that in 2015. 

Due to the three trends analyzed above, the ISM 

spectrum is coming to extremely crowed in the next five 

years. Therefore, how to manage the ISM spectrum 

among the increasing devices with various technologies 

is an essential problem. In order to guide the research 

direction for spectrum utilization in ISM bands, this 

paper characterize the mobile traffic in ISM bands, and 

analyze the insightful causes of the spectrum crisis in 

ISM bands. Furthermore, we summarized the current 

resolutions and forecast the potential resolutions for the 

ISM spectrum management and utilization. Specifically, 

our contributions in this paper are as followings: 

 We characterized the mobile traffic and find out that 

WiFi connections, LTE unlicensed (LTE-U) 
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connections and Low-Power Wide-Area (LPWA) 

connections would contribute most of percentage of 

the global mobile traffic. Therefore, the spectrum 

management in WiFi, LTE-U and LPWA devices 

comes extremely important.  

 We analyzed the insightful reasons that cause the 

spectrum crisis behind the growing traffic. We 

summarized them into three categories from the 

theoretical level: i) Shannon and Nyguist limit under 

the Gaussian white noise (GWN) channel; ii) the 

interference of the radios propagating in the same 

frequency in the same time domain and iii) the 

multi-path effect especially in None Sight-of-Light 

(NLoS) environment.  

 We summarized the current works for spectrum 

utilizations into three categories: i) enhancing the 

performance of the single technology for high 

efficiency spectrum utilization; ii) collaborating 

cross-technologies for spectrum utilization and 

fairness coexistence and iii) adding more 

applications within in the communication links. In 

this paper we also forecast other potential 

resolutions considering the insightful causes of 

spectrum crisis.  

The organization of this paper is as follows: Section 

II introduces the characteristics of the current mobile 

traffic; Section III analyzes the insightful reason behind 

the spectrum crisis in ISM bands; Section IV summarizes 

and forecasts the potential resolutions; and concludes in 

Section V. 

II. CHARACTERISTICS OF GLOBL MOBILE TRAFFIC 

IN ISM BANDS 

In this section, we firstly summarized the growing 

trends of the global mobile traffic. Secondly, we 

characterize the traffic that cause the spectrum crisis of 

ISM bands into three categories and introduce their 

trends separately. Specifically, the spectrum crisis in ISM 

bands attributes to WiFi connections, LTE-U connections, 

and LPWA connections in the following five years.  
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Fig. 1. Mobile data traffic growth in different regions in 2015. Middle 
East and Africa having the highest growth rate and Western Europe 

having the relative lower growth rate (Source: Cisco VNI Mobile, 

2016).  

A. Growing Trends of Globle Mobile Traffic  

Global mobile data traffic reached 3.7 exabytes per 

month at the end of 2015, up from 2.1 exabytes per 

month at the end of 2014 which grew an estimated 74% 

in 2015 according to the forecast of VNI [1]. Mobile data 

traffic has grown 4,000-fold over the past 10 years and 

almost 400-million-fold over the past 15 years. However, 

the growth rate varies widely by regions. Fig. 1 shows 

the traffic growth rate in different region of the world in 

2015.  

Fig. 1 shows that the traffic in Middle East and Africa 

grows 117%, up form the data by the end of 2014, 

followed by is Asia Pacific (83%), Latin America (73%), 

Central and Eastern Europe (71%), North America (55%) 

and Western Europe (51%). North America grew at an 

estimated 55 percent, a rebound from an unusually low 

growth rate of 26 percent in 2014. Western Europe trailed 

North America slightly at 52 percent growth in 2015 

(refer to Fig. 1). At the country level, Indonesia, China, 

and India led global growth at 129%, 111%, and 89%, 

respectively. 

The global data traffic will continue to increase in the 

following five years according to the forecast of VNI. 

Fig. 2 demonstrates the growing trend of global mobile 

traffic during the following five years (2016-2020) in 

different regions.  

 

Fig. 2. Mobile data traffic growth during 2016-2020 in different regions. 
The traffic in asia pacific will grow extremely sharply compared with 

other regions, which is at an average compound annual growth rate of 

53% (Source: Cisco VNI Mobile, 2016). 

The global data rate will reach 30.6 exabytes per 

month by the end of 2020, which are 8 folds of that in the 

end of 2015. The average compound annual growth rate 

will reach 53% in the global wide. From the aspect of the 

different regions, the data traffic from Asia Pacific 

occupies 45% of the total traffic, followed by Middle 

East and Africa, will surpass North America and Western 

Europe, which occupy 14% of the total traffic. From the 

aspect of different countries, Indonesia, China, and India 

led global growth at 129%, 111% and 89%, respectively. 

In summary, in the following five years or even longer 

period, the global traffic demands will continue to have 

an exponential growth. The devices of Internet Service, 

IoT services and IoE services also will continue to add to 

the networks, which will cause a great pressure to the 

limited spectrum resources. In order to propose the 

potential resolutions of the spectrum crisis in ISM bands, 

the following sections characterize the different types of 

traffic, which contribute most of the crisis in ISM 

spectrum. The mainly types of traffic attribute to three 

categories: cellular networks traffic, WiFi networks 

traffic and the traffic comes from the Low-Power 

Wide-Area connections.  
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B. Growing Trends of Cellular Network Connections 

Cellular network contributes increasingly percentage 

of the global mobile traffic as the wireless radios 

evolving from lower-generation network connectivity 

(2G) to higher-generation network connectivity (3G, 3.5G, 

4G/LTE). The cellular networks traffic grows 

exponentially especially as the deploying of LTE 

networks, it is estimated that the relative share of 3G- 

and 3.5G-capable devices and connections will surpass 

2G-capable devices and connections by 2017 which is 

shown as Fig. 3. 

Fig. 3 shows that 4G will surpass all other types of 

connection share. By the end of 2020, 40.5% percent of 

all global devices and connections will be 4G-capable. 

The global mobile 4G connections will grow from 1.1 

billion in 2015 to 4.7 billion by the end of 2020 at a 

CAGR of 34%. The 4G traffic will be 6-fold of the 

non-4G traffic by 2020. 

However, according to the ITU regular [2] of cellular 

spectrum management, the maximum bandwidth of LTE 

networks is 20MHz in licensed bands. As the traffic 

growing in LTE networks, the capacity of the present 

licensed bands will encounter significant challenge to 

solve all the traffic. Offloading these LTE traffic to 

unlicensed bands was proposed by many operators such 

as Qualcomm [4], [5], Huawei [6], Nokia[7], [8], 

Ericsson [9]. Researchers also done some initial works to 

discuss how to enable LTE coexist with the current 

technology (e.g. WiFi) in 5GHz ISM bands, such as the 

articles [14]-[16] and etc.  

 
Fig. 3. Cellular data traffic growth during 2016-2020. LTE/4G traffic 

will be the dominant traffic compared other type’s cellular traffic such 

as 2G and 3G (Source: Cisco VNI Mobile, 2016). 

C. Growing Trends of WiFi Networks Connections 

WiFi traffic is another essential part of global mobile 

traffic especially as the installation of the routers at 

homes. As the growing of the traffic demands, the 

capacity of the licensed bands encounters a great 

pressure to transmit all the traffic. Therefore, increasing 

traffic was offloaded to WiFi access point and as a 

sequence the WiFi traffic also has an explosion in recent 

years and the growing trends will continue to the 

following 5 years and ever long period of time as the 

forecast of VNI [1]. Fig. 4 shows the growing trends of 

the WiFi traffic which is to offload from cellular 

networks during the period from 2015 to 2020. In 2015, 

51 percent of the global traffic was offload to WiFi 

networks, reach an average of 3.9 Exabyte per month; It 

is estimated that the WiFi traffic will reach 38.1 Exabyte 

by the end of 2020, which is 55 percent of the total 

global mobile traffic. 

Different types of WiFi protocols are operating in ISM 

bands. For example, 802.11a/b/g/n are operating in 

2.4GHz ISM bands, 802.11n/ac are operation in 5GHz 

bands, 802.11ax will operating in 60GHz ISM bands and 

etc. Therefore, the traffic offloaded to WiFi networks will 

result in the ISM spectrum crisis, what is worse, other 

IoT technologies such as ZigBee, Bluetooth and the 

emerging LPWA technologies also add their connections 

to ISM spectrum that result in a more serous spectrum 

crisis in ISM bands. 

 

Fig. 4. WiFi traffic growth during 2016-2020. 55% of the cellular 
traffic will offload to WiFi bands by 2020 (Source: Cisco VNI Mobile, 

2016). 

D. Growing Trends of LPWA Connections 

Besides the traffic from cellular networks and WiFi 

networks, the other emerging traffic generated by low 

power wearable devices comes to another important part 

of the total global traffic. Every sand of the world should 

have an address [17]. Therefore, how to connect them 

together is a real and serious problem for the standard 

origination, operators, and instrument companies. 

As the development of the IoE concept and 

commercialize of the Low-Power Wide-Area (LPWA) 

devices, such as the monitoring system in articles 

[18]–[23], Microsoft band and etc. The LPWA devices 

are widely used in military affairs, agriculture field, 

logistics, and health monitoring applications. Therefore, 

the traffic generated by LPWA and traditional sensor 

networks could not be ignored. VNI forecast the LPWA 

traffic during the period of 2015 to 2020 [1], and the 

results are shown as Fig. 5. 

 
Fig. 5. LPWA traffic growth during 2015-2020. 2.3% of the global 

mobile traffic is attributed to the LPWA devices in 2015 and this 

percentage will increase to 6% by the end of 2020 (Source: Cisco VNI 
Mobile, 2016). 

Fig. 5 shows that the traffic generated by LPWA is an 

emerging part of the global traffic during the next five 

years. According to the estimation, the traffic will reach 

335 Petabytes by 2020, which are 23 folds of that in 2015. 
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Gartner forecast that there will be 64 billion of “Things” 

will add to the internet in 2016 which increases 30% 

compared with the number in 2015 [3]. 

Currently, the communication technologies used by 

LPWA devices are heterogeneous according to the 

different capacity of computing and memory of the 

individual devices. The most widely used LPWA 

protocols are ZigBee (802.15.4), Bluetooth/BLE 

(802.15.1); and a small part of the devices using cellular 

network for communications such as 2G/3G/LTE. More 

emerging technologies such as Backscatter and Passive 

WiFi are to use in the low power worldwide IoT networks. 

According to the ITU spectrum management for IoT 

devices, the most widely used ZigBee/Bluetooth/BLE 

technologies are operating in 2.4GHz ISM bands that 

share the spectrum with WiFi technologies. The bandwith 

of ZigBee technology is 3MHz, while the Bluetooth/BLE 

is 1MHz. Therefore, how to let the IoT devices exist 

peaceful with WiFi and LTE-U in ISM bands is a 

challenge problem to address for high efficiency spectrum 

utilization. 

E. Spectrum Limitation for the Increasing Traffic 

Network traffic is composed of three dominant parts 

according to the analysis in sections II (B), II (C), II (D). 

They are cellular network traffic, WiFi traffic, and LPWA 

traffic. However, the spectrum bands used to offload all 

these traffic are limited; this section tries to summarize the 

current spectrum utilizations for cellular networks, WiFi 

networks and LPWA networks, respectively. 

1) Spectrum utilization policies for cellular networks 

Cellular networks operate on different frequency bands 

including the 450 MHz band, 700 MHz band, 800 MHz 

band, 900 MHz band, 1800 MHz band, 2100 MHz band, 

and 2600 MHz band[2]. Administrations typically issue 

"frequency band management rights" rather than 

individual licenses per base station. Mobile operators can 

thus manage and monitor the awarded spectrum 

themselves. 

Different country and region maybe just qualified to 

use the subset of the spectrum we mentioned above, the 

different operators maybe also use different spectrum to 

avoid the interference with each other in different country 

depends on their local policies. We can refer the detailed 

information for them in 

http://www.spectrummonitoring.com/. 

2) Spectrum utilization policies for WiFi networks  

Globally, WiFi (802.11) are mainly operating in ISM 

2.4 and 5 bands. Each bands have different channels, the 

maximum bandwidth of the channel is 20MHz in 2.4 

bands, while up to 160MHz in 5GHz. The narrower band 

was design to use in crowed environment, and the wider 

bandwidth is using in the Very High Throughput 

requirement environments. 

3) Spectrum utilization policies for IoT technologies  

The Low-Power Wide-Area IoT devices share the same 

spectrum with WiFi technologies in 2.4GHz ISM 

spectrums or use cellular networks technologies. The 

most widely used ZigBee and Bluetooth technologies are 

operating in ISM 2.4GHz. Insightful causes 

The contradiction between the increasing mobile traffic 

demands and the limitation of the radio spectrum 

introduces the spectrum crisis. However, this is just the 

direct reason of the spectrum crisis. To investigate the 

potential resolutions of spectrum crisis, this section dug 

and formulated the insightful causes of the spectrum crisis. 

The insightful causes mainly lie in the following three 

features of the radio propagation in the air: i) the 

interference when multiple radios propagate in the same 

frequency and ii) the Multipath effect caused by the 

obstacles in the propagation path. 

F. Interference  

In physics, interference refers to the mutually 

cancellation of multiple signals which propagate in the 

same frequency. As far as we know, there are two kinds 

of extreme case of the interference, constructive 

interference and destructive interference, which shows as 

Fig. 6.  

 

Fig. 6. Constructive interference and destructive interference (the left 
one describes the constructive interference and the right one describes 

the destructive interference).  

Fig. 6 demonstrates that two signals 
1tS  and 

2tS  

would have constructive interference if their phase 

difference is equal to one of the element of set 
1P , 

 1 0,2 ,4 ,P   ; While 1tS  and 1tS  would have 

destructive interference with phase differences in set 

2P (  2 ,3 ,5 ,P    ). The amplitude of the receiverd 

signal Sr is the sum of the amplitudes of St1 and St2 with 

constructive interference and will be 0 with the 

destructive interference if St1 and St2 have the same 

amplitudes.  

Therefore, whether the interference is benefit or 

harmful to the quality of communications depends on the 

phase differences of the interfered signals. However, the 

time differences are unpredictable in the practical 

environment especially when heterogeneous technologies 

share the same spectrum, for example, WiFi and LTE in 

unlicensed 5GHz, WiFi and ZigBee/Bluetooth in 

unlicensed 2.4GHz. 

Thus, put it more general, taking WiFi and LTE 

coexist in 5GHz as an example, we assume that two 

signals St1 and St2 send by LTE base station and WiFi 

access point respectively, which shows in Fig. 7.  

LTE B S S t1 S t2

S r

W iFi A P

C entral Frequency F0 C entral Frequency F0  

Fig. 7. The principles of interference with the unpredictable phase 

differences among multiple interfered signals, we take LTE and WiFi 
signals interfered at smartphone part as an example.  
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Fig. 7 shows that LTE Base Station (BS) sends a 

signal St1 and WiFi access point (AP) send a signal St2, 

the smartphone receiver the interfered signal Sr. We 

formulate St1 and St2 as formula 1 and formula 2.  

1 1 1cos( )t t tS A t               (1) 

2 2 2cos( )t t tS A t              (2) 

In which 
1tA  and 

2tA  represents the amplitudes of 

1tS  and 
2tS , 

1t  and 
2t  represents the phases of 

1tS  and 
2tS , 

02 F  , in which 
0F  represents the 

central frequency of the carrier wave of signals 
1tS  and 

2tS . The received signal 
rS  could be formulated as 

formula 3.  

cos( )r rS A t               (3) 

In which, 
rA  is the amplitude of 

rS ,   is the 

phase of 
rS . 

rA  and   could be calculated by 

formula 4 and formula 5, respectively. 

2 2

1 2 1 22 cosr t t t tA A A A A              (4) 

2 1t t                    (5) 

We assume that that the signal strengths of 
1tS , 

2tS , 

rS  are 
1tI , 

2tI  and 
rI  respectively. As far as we 

know, the relationship between the strength of signals 

and the initial signals are shown as formula 6.  

1 1 2 2 rt t t t rI A I A I A  ， ，          (6) 

Thus, 
rI  could be calculated by formula 7. 

1 2 1 22 cosr t t t tI I I I I              (7) 

Fig. 7 further proved that the interference degree of 

received signals depends on the phase differences   

between multiple signals. According to formula 7, we 

can deduce that when 2 ( 0,1,2, )k k     … , the 

interference is constructive interference, the signal 

strength max 1 2 1 22t t t tI I I I I   ; When 

(2 +1)k     ( 0,1,2, )k  … , the interference is 

destructive interference, and the signal strength 

min 1 2 1 22t t t tI I I I I   .  

Briefly, multiple signals would cancel each other 

randomly with different degrees, which is very difficult 

to recover from the interference. Thus, the retransmission 

results from interference are a significant obstacle to 

further increase the efficiency of spectrum utilization.  

G. Multipath Effect 

In physics, Multipath effect refers to the propagation 

phenomenon which results in radio signals reaching the 

receiving antenna by two or more paths. Causes of 

multipath include the reflection, diffraction and 

scattering by the obstacles in the propagation 

environment, which shows in Fig. 8. 

C entral Frequency F0 C entral Frequency F0

S t

W iFi A P R eceiver

C eilings

S r1

S r2

S r

 

Fig. 8. The principles of multipath effect. The causes of multipath 
effect phenomenon are the reflection, diffraction, scattering of the 

signals propagating in the air. 

In order to formulate the multipath effect, we take the 

propagations of WiFi signals as an example, assuming 

that the signal sent by WiFi is 
tS  in Fig. 8. There are 

two paths in the propagation from WiFi access point and 

the smartphone receiver. The first path is the direct path 

and the second path reflected by the ceiling, which shows 

as Fig. 8.  

Put it simply, we define the direction path as 

Line-of-Sight path (LoS path), and the reflected path as 

None Line-of-Sight (NLoS path). 
0F  Represents the 

central frequency of carrier wave of 
tS . The received 

signal via NLoS path is 
1rS , and the received signal via 

LoS path is 
2rS . The formulation of 

tS , 
1rS , and 

2rS  

are shown as formula 8, formula 9 and formula 10.  

             cos( )t tS A t                 (8) 

1 1 1cos( ( ) )r rS A w t        
 
       (9) 

2 2 2cos( ( ) )r rS A w t              (10) 

In formula 8, 
tA  represents the amplitude of the 

sending signal,   represents the initial phase of the 

sending signals, and 
02 F  . 

In formula 9, 
1rA  represents the amplitude of the 

receiving signal via NLoS path, and 
1  represents the 

time delay caused in the propagation.  

Similarly, in formula 10, 
2rA  represents the 

amplitude of the receiving signal via LoS path, and 
2  

represents the time delay caused in the propagation. 

We transform the time difference to the phase 

difference of 
1rS , and 

2rS  into formula 11. 

 
1 1 1

2 2 2

cos( )

cos( )

r r

r r

S A t

S A t

  

  

  


  
            (11) 

In which  and  are calculated by formula 12. 

1 1

2 2

 

 

 


 
                (12) 

Therefore, the received signals 
rS  is the result of the 

self-interference of 1rS , and 2rS . The signals strength 

of rS  could be calculated by formula 3 to 7, which is 

the same with the principles of interference.  
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Briefly, multipath effect would cause self-interference, 

which could be constructive and destructive. The 

destructive multipath effect also results in the 

retransmission of the message. Thus, the multipath effect 

is another significant obstacle for further improving the 

efficiency of spectrum utilization.  

III. KEY CHALLENGES AND POTENTIAL 

RESOLUTIONS 

Depends on the analysis of Section II and Section III, 

the direct reason of the spectrum crisis is the increasing 

mobile traffic demands in ISM bands; while the 

insightful causes of the spectrum crisis are the Shannon 

and Nyquist limitation, interference and multipath effect 

when the electromagnetic waves propagate in the air. 

The emerging technologies for IoT and IoE in indoor 

environment introduce more interference and multipath 

effect, which results in more serious spectrum crisis in 

ISM spectrum, which shows as Fig. 9, which shows three 

trends in the development of wireless technologies and 

applications. 

 Increasing heterogeneous technologies would share 

the same ISM spectrum as the development of IoT 

and IoE. The main technologies are sharing in the 

ISM bands in the following five years are LTE 

unlicensed, WiFi and ZigBee/Bluetooth etc. IoT 

technologies in Fig. 9. The heterogeneous 

technologies would introduce more interference in 

ISM bands. 

 Increasing applications are happened in indoor 

environment, such as Youtube, Youku, Facebook, 

Google engine and intelligent health monitoring 

bands, which are listed in Fig. 9. The obstacles in 

indoor environment cause more serious multipath 

effect, is harm to improve the spectrum utilizations 

in ISM bands. 

 The single technology such as WiFi, LTE and 

ZigBee/Bluetooth updates its own to increase the 

capacity for spectrum utilizations with higher 

efficiencies. 

 
Fig. 9. Key challenges of spectrum crisis in ISM spectrum bands. 

Crossing technologies emerging in ISM spectrum for indoor 

environment applications introduces more serious interference and 
multipath effects. 

Therefore, the current and potential resolutions are 

also consistent with the developing trends of the wireless 

technologies and applications. We characterize the 

current and potential resolutions into three categories: i) 

Increasing the performance of the single technology to 

improve the spectrum utilization; ii) Collaborating the 

cross-technologies for spectrum utilization and iii) 

adding more applications with more performance to the 

communication links to increase the efficiency of the 

spectrum utilization. 

A. Single Technology Improvement for Spectrum 

Utilization 

It is a direct resolution for high efficiency spectrum 

utilization by improving the performance of the single 

technology such as WiFi, LTE, ZigBee, Bluetooth, BLE 

etc. The main solutions could divide into the following 

categories:  

 Using advanced antenna technologies: another 

solution to increase the communication capacity is 

applying the advanced antennas such as Massive 

Multiple Input Multiple Output (MIMO) antenna 

arrays or polarizing antennas to avoid interference 

from the spatial domain. For example, papers 

[24]–[30] discuss how to utilize the MIMO antenna 

to increase the total capacity of a single 

communication technology; papers [31]–[34] 

designed and analyzed how to increase the 

throughput and avoid the interference among the 

same technology  

 Alleviating the multipath effect: Some works 

trying to resolve the insightful cause of the spectrum 

crisis such as alleviating the multipath effect. Paper 

[35] propose a method to identify the LoS path from 

all the propagation paths; while paper [36] propose 

to identify the phase difference among all the 

propagation paths. 

 Date recovery for spectrum utilization: Date 

recovery is another work to optimize the spectrum 

utilization. Date recovery could avoid retransmission, 

which could save some spectrum resource especially 

in the environment with noise. Paper [37], [38] 

introduce the data recovery method depends on the 

feature of multipath propagation features in indoor 

applications. Other data recovery methods are also 

highly recommended.  

Besides the resolutions summarized above, other 

solutions focusing on the specific features of the 

individual technologies are also highly recommended 

such as [39] proposes to increase the spectrum efficiency 

in cellular networks; [40] proposes to increase the 

spectrum efficiency in wireless sensor networks and [41], 

[42] propose to increase the spectrum efficiency in WiFi 

networks. 

B. Cross-Technologies Collaborating for Spectrum 

Utilization 

As the emerging of the new technologies and the 

flooding of IoT devices, the networks is evaluating to a 

high density deployment heterogeneous and hybrid 

networks which is full of cross-technologies in the 

collision regions. The lack of collaboration among 

cross-technologies introduces more interference, which 

would decrease the efficiency of spectrum utilization. 

Therefore, the collaboration of cross-technologies come 

to an essential way for spectrum utilization, the current 
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solutions for cross-technology collaboration includes 

interference mitigation and cross technology 

communication.  

 Cross-technology communications: other 

advanced works trying to enable the communication 

between cross technologies to save the spectrum. For 

example, Esense proposed in [43] tried to enable the 

communicate between WiFi and ZigBee by 

embedding information with the lengths of the 

traditional WiFi packets, therefore, the spectrum 

could transmit two pieces of messages (WiFi to 

WiFi and WiFi to ZigBee) which is a kind of 

spectrum saving resolutions. FreeBee proposed in 

[44] enable the communication between WiFi and 

ZigBee by encoding the information with different 

cycle of WiFi beacons which further improved the 

throughput of the WiFi to ZigBee communications.  

C. Adding Multiple Applications Over Communication 

Links for Spectrum Utilization  

Adding more applications over the communication 

links is an indirect but efficient way to optimize the 

spectrum utilization. Currently, more and more 

researchers are trying to add the location sensing, 

imaging sensing, gesture sensing and voice sensing 

applications for IoT purpose.  

There are a body of works discuss how to utilize the 

channel state information to sense the locations [45]–[57], 

the image by using off-the-shelf WiFi chips [58], [59]; 

the human gesture by the fine-grained WiFi signatures 

[59]–[71]; while other sensing works such as [72] try to 

sense the voice in the propagation environment.  

IV. CONCLUSION 

In this survey paper, we formulate the problem of 

spectrum crisis especially in ISM bands. We also 

analyzed the insightful causes of the spectrum and 

summarized the potential resolutions. In the following 5 

years, the global traffic comprised of cellular traffic, 

WiFi traffic, and LPWA traffic. The insightful reason that 

caused the spectrum crisis attribute to interference and 

multipath effect of the growing devices. The main 

resolution to alleviate the spectrum crisis could be 

summarized into three categories: i) improving the 

performance of the single technology; ii) collaborating 

spectrum allocation among cross technologies and iii) 

adding more considerable applications to the 

communication links to increase the capacity of the 

spectrum form the aspect of data. 
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