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ABSTRACT 
 

 
 

The massive multiple-input multiple-output (MIMO) has great potential to manage fast growth of 

wireless data traffic. As the number of user equipment (UEs) increases, while each UE intermittently 

accesses the network, the random access functionality becomes essential as the number of pilots remains 

very limited. This dissertation work focuses on random access problem in massive MIMO context. A 

re-engineered protocol named Strongest User Collision Resolution (SUCRe) has been developed and its 

performance has been verified over different fading scenarios starting from the basic Rayleigh to more 

realistic channels like eta-mu and kappa-mu channels.  

 

              In a crowded urban scenario where more than one UEs will be contending for the same pilot, 

access will be given to UE with the strongest signal at the receiver. The simulations which are done on 

MATLAB 2018b  show that this protocol resolves the majority of pilot collisions occurring in the 

crowded urban scenario and continues to admit UEs efficiently in overloaded networks.  

 

             Once its collision resolution capability has been verified on a simple fading case, its 

performance is tested on other more realistic channels (Rician, Hoyt, Nakagami-m, eta-mu, kappa-mu, 

and alpha-mu channels) and the comparative analysis is done. 
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Chapter 1 
 

 

Introduction 
 

 

1.1 Motivation 
 
The massive multiple-input multiple-output (MIMO) systems deliver services for a huge number of user 

equipments (UEs) simultaneously, by using a massive number of antenna elements at the base station 

(BS), which makes it potentially viable to manage the explosion of wireless data traffic. Hence it is one 

of the key technologies for the fifth-generation (5G) time-division-duplex (TDD) communication 

system. The speed with which we are becoming a fully networked society, the number of wirelessly 

linked devices and their corresponding data traffic flow are bound to grow by that rate. This growth rate 

is driven by video streaming, social networking and new technologies like machine-to-machine 

communication and internet of things. However, the current network infrastructure is unable to avoid 

all the congestion that will occur in a few years hence will not be able to ensure service quality and 

availability. Thus the future cellular networks that will be deployed in urban areas need to handle a 

massive number of connected UEs that will be requesting massive data volumes.  

 

                           This capacity upgradation is possible only by improving  spectral efficiency. The basic 

fundamental block of traffic which is data packets are often created in a sporadic and irregular manner 

(for example non-streaming applications which are characterized by bursty on-off traffic). To deal with 

such irregular switching between UE and BS, the Strongest User Collision Resolution (SUCRe) 

protocol was developed [35] which was able to resolve up to 90% collisions successfully. However, 

when the path loss differences between the contending UEs were not noticeably large (which is the 

requirement of hard decision rule used in step 3 as explained in chapter 3) the performance starts 

deteriorating. This work focuses on these limitations of SUCRe protocol i.e. when the path loss 

differences between the UEs using the same pilots is not significantly large, this protocol fails to assign 

any one UE as the contention winner. 

 

 

 

1.2 Massive MIMO systems 
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Massive MIMO is a multi-user MIMO system with M antennas and K users per BS. The system is 

characterized by M >> K which operates in TDD mode by means of linear uplink and downlink 

processing.  

 

Figure 1: The basic Massive MIMO transmission [41] 

 

Fig. 1 shows the basic Massive MIMO transmission protocol. Here the time-frequency resources are 

being broken into coherence blocks of size Bc Hz (which is less than or equal to the coherence bandwidth 

of the channels of the users) and Tc s (which is selected such that it is less than or equal to the coherence 

time of the channel) such that each user channel becomes approximately frequency flat and static within 

a block. Each of these coherence intervals is operated in TDD mode and can contain downlink as well 

as uplink payload transmissions. 

 

1.3 Channel hardening and favorable propagation properties  

These two are properties of multi-antenna propagation, which are explained below: 

1.3.1 Channel Hardening  

One of the key impairments in wireless communication is small scale channel fading.it is actually 

random fluctuations in the channel gain caused by microscopic changes in the propagation 

environments. These fluctuations are so unreliable that sometimes, the channel gain is so small that the 

transmitted data is received in error. Spatial diversity is one of the methods to mitigate the effect of 

small scale fading. In massive MIMO, the spatial diversity leads to “channel hardening” [36]. Channel 

hardening makes a fading channel behave as a deterministic channel. In other words, it behaves as if it 

was a non-fading channel. The randomness due to small-scale fading is still there but its impact will be 

almost nullified. This property alleviates the need for combating small-scale fading (e.g., by adapting 

the transmit powers) and improves the DL Channel gain estimation.  Channel hardening can be utilized 

to obtain simpler and more intuitive spectral efficiency (SE) expressions. 

 

Definition (Channel hardening). Asymptotic channel hardening is said to be provided by a 

propagation channel if 
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As number of antennas M . This definition says that the gain 
2

j

jkh of an arbitrary fading channel 

j

jkh  is close to its mean value when there are many antennas. Channel hardening makes the channel 

very reliable by making it nearly deterministic which results in lower latency. 

 

1.3.2 Favourable propagation 

The propagation is said to be favorable when users are mutually orthogonal in some practical sense. If 

h and g are two channel vectors corresponding to two users, then they will be orthogonal if hHg=0. 

However, it is never possible in real-time systems, but some modifications can be done to define this 

orthogonality as explained below:  

 

Definition (Favorable propagation). The two channels h and g to BS are said to provide 

asymptotically favorable propagation if 

 

 
0

22


 gh

gh
H

 

i.e. the users are practically orthogonal when 
gh

ghH

 has zero mean and a variance that is much 

smaller than one. Favorable propagation makes the directions of two UE channels asymptotically 

orthogonal. This property makes it easier for the BS to reduce interference between these UEs, which 

generally improves the SE and makes it sufficient to use linear combining and precoding. 

         

         Channel Hardening and Favourable propagation are two related but significantly dissimilar 

properties. Mostly, a channel can have both of the above properties, one of them or none at all. Massive 

MIMO does not require or formally rely on any of these properties, but any multiuser MIMO system 

performs better when the two properties are satisfied. 

 

 

 

(1) 

(2) 



 

 

 

Chapter 2 
 

 

Random access protocol in Massive MIMO 

Massive MIMO can provide very high spectral efficiency in sub-6 GHz bands. The fundamental thought 

is to utilize plentiful antennas at BS, which at the same time can serve many devices through spatial 

multiplexing. In this context, three physical phenomena are important which are described below:   

 

1. Amplification of array gain by spatial capture.  

2. Making the channel approximately deterministic by using channel hardening feature. 

3. Facilitating spatial multiplexing by maintaining high spatial resolution.  

 

                        All these three phenomena are used in massive MIMO for random access. The array gain 

improves the signal-to-noise ratio (SNR), which aids in distinguishing weak devices. Channel hardening 

property of the channel allows us to exploit asymptotic channel properties. The multiplexing capability 

suggests the chances of resolving collisions spatially.  

 

 

2.1 Classification of collision resolution techniques  
 

A device sends a random sequence towards the BS and gets the access whenever it wants. This random 

sequence which is also called as the pilot sequence is mainly used for estimation of the channel and 

also to obtain the protected pilot sequence (which is unique in a given cell) for further data transmission 

in a collision-free environment. A collision is said to occur if two or more users are trying to transmit 

the same pilot sequence at the same time. 

2.1.1    Centralized Collision Resolution Technique 

Fig. 2 describes the process involved in centralized collision resolution method. In this technique, the 

collision discovery at BS is facilitated by coded pilot sequences which consist of non-zero symbols that 

will be used for estimation of the channel and some null symbols positioned at random positions in the 

coded pilot sequences which are only used for the collision detection. The method in [38] has been 

adapted here for collision resolution. Here each device is mapped to a unique on-off pattern. In phase 

1, if at BS, the number of silent symbols (off symbols in on-off pattern) is smaller than the null symbols 

then, a collision has occurred this event will be broadcasted in phase 2 and a new pilot access is 
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performed in phase 3 (the probability of new collision event is reduced) and access will be granted to 

the non-colliding devices in phase 4. However, in phase 1, if number of silent symbols and null symbols 

are equal then no collision will occur and access will be granted immediately. 

  

 

 

Figure 2: Random access to pilots (RAP) [37] 

 

2.1.2 Distributed Collision Resolution Technique 

In this technique, the collision is detected at UE. The BS uses the received signal from phase 1(fig. 2) 

to determine the sum of channel gains of all the contending UEs. BS then use this information to 

multicast a precoding sequence towards all the contending devices in phase 2. The estimated gains can 

then be used for distributed collision resolution, by setting a criterion (for example the criterion used in 

SUCRe protocol [24]) on when a device should retransmit its pilot in phase 3. And then the access will 

be granted to all the non-colliding users. The main difference between the above two collision resolution 

technique is that in centralized collision resolution, the collision is detected at BS whereas, in distributed 

collision resolution method, this collision detection happens at the UE end (Fig. 2). 

2.2 Random Access Functionality in LTE 

The SUCRe protocol is very similar to the protocol used in the physical random access channel 

(PRACH) of LTE. Therefore, the PRACH protocol is discussed for the better understanding of the 

SUCRe protocol. It comprises of four steps (Fig. 3): 
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 Each accessing UE will randomly select a preamble from the predefined database. As this selection 

of preambles by the UEs that wish to access the network is a totally uncoordinated task, there might 

be a collision when more than one UE will choose the same preamble at the same time. However, 

there is no collision detection in the first step and BS only checks if a particular pilot sequence is 

active or not. 

             

 

Figure 3: PRACH protocol used in LTE [35] 

 

 The second step comprises of the random access response that the BS has sent to every UE that has 

activated any pilot sequence and allocates resources to them. 

 In the third step, an RRC (Radio Resource Control) connection request is sent by each UE that has 

got a random access response (by the BS in step 2) so that subsequent data transmission can happen 

in further steps. If in the first step, one or more UE have activated the same preamble then those UEs 

will use the same resources to send the RRC request in the third step also. Thus the event of a 

collision is registered. 

 Collision resolution happens in the fourth step which is centralized in manner. This step may contain 

two or more complex steps to resolve collision.   

 

2.3 Random access functionality in massive MIMO 

 
In conventional cellular networks like LTE, as the traffic is not that great, therefore it was possible to 

allocate a dedicated resource to every UE that is active. In that case, BS needed to convey the time-

frequency positions of these permanently allocated resources but in massive MIMO, instead of sending 

time-frequency positions of the resources, BS chooses to assign time-frequency resources to all active 

UEs and separates them spatially with the help of their preambles. According to the basic massive 

MIMO phenomena explained in [4], the users use mutually orthogonal pilot sequences within the same 
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cell so that no interference is caused by the UEs residing in the same cell (intra-cell pilot contamination). 

However, frequency reuse is mandatory which often leads to the inter-cell pilot contamination causing 

additional interference [8]. 

                  In the crowded scenarios, the overall number of UEs (including active as well as inactive 

UEs) residing in a single cell is much greater than the available number of preambles (and it is not 

possible to have as many numbers of pilot sequences as the number of UEs). Also, the data traffic flow 

is of irregular and intermittent fashion so it will be illogical to allocate a pilot to a UE permanently when 

it will be sending its data only for a short duration, and for the rest of the time, it will be sitting idle. 

These pilot sequences have to be allocated opportunistically rather than permanently. This can be done 

by employing some random access mechanism. However, the collision might take place in crowded 

case if pilots are accessed randomly by the UEs which leads to intra-cell pilot contamination at the cost 

of reduced access delays as explained [19]- [21]. Therefore, a suitable collision detection and resolution 

technique should also be incorporated in the random access mechanism. This is achieved by using 

“SUCRe (strongest user collision resolution) protocol” [35]. This is a scalable protocol and works on 

the distributed Collision resolution technique. It has been able to resolve intra-cell pilot collisions up to 

90% successfully. 

 

 

                        



 

 

 

Chapter 3 
 

 

Conventional SUCR (Strongest User Collision 

Resolution) protocol  

 

3.1 General considerations  
 

 A cellular network is considered where each BS has M antennas. The time-frequency resources are 

broken into blocks with coherence time of T (Fig.1) such that channel response between the BS and UE 

remains constant and frequency flat within that block Ui is the set of all the UEs residing in cell i, out 

of which only Ai UEs are active at any given instant. Here the crowded urban case is taken (very large 

number of UE: |Ui|≫T) but the active UEs satisfy |Ai|< T, thus the BS can provisionally allot orthogonal 

preambles to these UEs. 

The coherence blocks have been further broken into two classes according to their functionality as 

shown in Fig. 4:  

 Payload data blocks: The payload data blocks are used for uplink and downlink data 

transmission to the UEs in the set Ai for each cell i. For the time being, these UEs have been 

assigned |Ai| mutually orthogonal pilots. These pilots will also be reused in other cells (the 

frequency reuse factor is chosen such that the pilot contamination is minimized [5]) 

 Random access blocks: The random access blocks will only be used by the UEs which are 

inactive, for the random access (i.e., those which are in the set in Ui/Ai) that desire to be admitted 

to the payload data blocks; that is, to be assigned a momentarily pilot which will be dedicated 

to a particular UE for a short duration. SUCRe protocol works on these RA blocks. 

                   In Fig. 4, it can be seen that the random access blocks are positioned differently between 

the adjacent cells (by implementing the reuse factor of 3). These RA blocks can either remain inactive 

or be inactive and send payload data during the random access. This kind of categorization has been 

done to avoid inter-cell interference.  
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Figure 4: Division of time-frequency domain into coherence intervals in SUCRe protocol [35] 

 

  
 

3.2 SUCR overview 

The steps involved in the conventional SUCRe are described below: 

 Step 0: BS broadcasts a control signal which is used by the UEs to estimate their respective 

channel gains and synchronize themselves with the BS for further communication.  

 Step 1:  Any UE that wants to send data picks a pilot sequence from a predefined set of random 

access sequences in a random fashion. BS i use this pilot to estimate the channel used by that 

particular UE to send that pilot sequence. If more than one UE have chosen the same random 

access pilot accidentally from the pool, the BS will estimate the superposition of all those 

channels over which these pilots have been propagated over by those UEs. However, there will 

be no detection of collision in the first step. 

 

Figure 5: conventional  SUCRe protocol 
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 Step 2: Using the channel estimates calculated in step 1, BS forms a precoding vector and sends 

the downlink (DL) pilots using these vectors. Because of such precoding, the signal will be 

spatially directed towards the respective UEs which have sent those particular pilots.  

 Step 3: Retransmission of the RA pilot sequence along with the UE identity information of a 

request for further data transmission is done in the third step by employing a rule that “only the 

UE that has strongest signal gain will appoint itself as a contention winner, and should repeat 

the pilot.”  Thus detection, as well as resolution of any collision, will be done in the third step. 

 Step 4: The resources that have been requested in the third step by the UEs are granted in step 

4 by allocating them a protected pilot sequence that is unique. 

 

Figure 6: Retransmission of the strongest UE is done in the third step [35] 

 
Table 1: Difference between PRACH and SUCRe protocol 

PRACH SUCRe 

 In LTE, all UEs that have sent the same RA 

pilot in the first step will retransmit their pilot 

in the third step also. 

 In SUCRe, the retransmission of RA pilot in 

the third step will be done by only that UE 

which has the strongest signal gain among all 

the contenders.  

 More pilots will be colliding, so overall 

throughput is lower than SUCRe. 

 Thus there is a significant increment in the 

probability of non-colliding pilot 

transmission as compared to the PRACH 

protocol. 

 Collision is detected at BS in a centralized 

way. 

 Collision is detected at UE end in a 

distributed way. 
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3.3 System Model of the SUCRe protocol 

 Consider an arbitrary cell that has a predefined number of inactive UEs. Let |K0| denote the number of 

inactive UEs in cell 0. These K0 user equipment are supposed to share 𝜏𝑝 mutually orthogonal random 

access pilots  𝝍1, … , 𝝍𝜏𝑝
∈ ℂ𝜏𝑝 that span 𝜏𝑝 UL channel uses and satisfy ‖𝝍𝑡‖2 = 𝜏𝑝. 

                    Each of the K0 UEs selects one of the 𝜏𝑝 pilot sequences homogenously in each RA block 

in a random fashion: UE k selects pilot 𝑐(𝑘) ∈ {1,2, … , 𝜏𝑝} . 𝑃𝑎 ≤ 1 is the probability with which each 

UE would like to become active .  UE k tries to access the network by sending the pilot 𝝍𝑐(𝑘) with 

power 𝜌𝑘 > 0, otherwise, it will remain quiet by setting 𝜌𝑘 = 0. The set 𝒮𝑡 = {𝑘: 𝑐(𝑘) = 𝑡, 𝜌𝑘 > 0} 

comprises of all the UEs that have transmitted pilot t. 𝑃𝑎/𝜏𝑝  denotes the  probability with which a UE 

wishes to send data by sending a particular pilot 𝝍𝑡  . These inactive UEs, |St | that will be 

transmitting 𝝍𝑡  have a binomial distribution [35] :   

|𝒮𝑡| ∼ 𝐵(𝐾0,
𝑃𝑎

𝜏𝑝
). 

                   By expanding the binomial expression in (3), we can obtain the probability of collision ( 

|𝒮𝑡| ≥ 2 ) that happens between the UEs that have chosen the pilot 𝝍𝑡 as follows [35]: 

 

1 − (1 −
𝑃𝑎

𝜏𝑝
)𝐾0 − 𝐾0

𝑃𝑎

𝜏𝑝
(1 −

𝑃𝑎

𝜏𝑝
)𝐾0−1. 

where the second term represents the probability when the pilot 𝝍𝑡  is unused (|𝒮𝑡| = 0), and the third 

term denotes the probability when 𝝍𝑡  is selected by only one UE (|𝒮𝑡| = 1).  

            Thus The channel vector between UE 𝑘 ∈ 𝒦0 and its BS is indicated by 𝐡𝑘 ∈ ℂ𝑀. A general 

propagation model has been adapted, where the channels are assumed to satisfy channel hardening and 

asymptotic favorable propagation [25] properties depicted in (5) and (6) respectively [35]. 

‖𝐡𝑘‖2

𝑀
→

𝑀→∞
𝛽𝑘 , ∀𝑘,

𝐡𝑘
H𝐡𝑖

𝑀
→

𝑀→∞
0, ∀𝑘, 𝑖, 𝑘 ≠ 𝑖,

 

The mathematical modeling of the four steps of SUCRe protocol is done below: 

(3) 

(4) 

(5) 

(6) 
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1)Random Pilot Sequence: 

 Firstly, when any UE wants to become active, it sends a random pilot sequence towards the BS. The 

BS obtains the signal 𝐘 ∈ ℂ𝑀×𝜏𝑝 from the pilot transmission of UEs [35]: 

𝐘 = ∑ √𝜌𝑘𝐡𝑘𝝍𝑐(𝑘)
T + 𝐖 + 𝐍

𝑘∈𝒦0

, 

where the matrix  𝐍 ∈ ℂ𝑀×𝜏𝑝  represents independent receiver noise coefficients where each element is  

distributed as circularly symmetric complex Gaussian distribution ( 𝒞𝒩(0, 𝜎2)),  𝐖 ∈ ℂ𝑀×𝜏𝑝  

represents interference from other cells. 

The BS obtains 𝐲𝑡 by correlating Y with an arbitrary (normalized) pilot sequence 𝝍𝑡 [35] 

𝐲𝑡 = 𝐘
𝝍𝑡

∗

‖𝝍𝑡‖
= ∑ √𝜌𝑖‖𝝍𝑡‖𝐡𝑖 + 𝐖

𝝍𝑡
∗

‖𝝍𝑡‖
+ 𝐧𝑡

𝑖∈𝒮𝑡

 𝐲𝑡 = ∑ √𝜌𝑖𝜏𝑝𝐡𝑖 + 𝐖
𝝍𝑡

∗

‖𝝍𝑡‖
+ 𝐧𝑡

𝑖∈𝒮𝑡

,

 

where  𝐧𝑡 = 𝐍
𝝍𝑡

∗

‖𝝍𝑡‖
∼ 𝒞𝒩(𝟎, 𝜎2𝐈𝑀) is the effective receiver noise . Now, 𝐖 which depicts the 

interference part is mathematically described as [35], 

𝐖 = ∑ 𝐰𝑙𝐝𝑙
T

𝑙

+ ∑ ∑ √𝜌𝑡,𝑘𝐠𝑡,𝑘𝝍𝑡
T

𝑘∈𝒮𝑡
interf

𝜏𝑝

𝑡=1

. 

The above equation comprises of two parts. The first summation denotes the interference from the data 

transmissions from neighbor cells that use a different resource block in cell 0 (in time-frequency 

domain). The l th interferer which is using the channel 𝐰𝑙 ∈ ℂ𝑀 transmits some random data sequence 

𝐝𝑙 ∈ ℂ𝜏𝑝 . The second summation refers to the interferers in neighboring cells using the same resource 

block as  the RA block in cell 0, which perform random access. These interferers that use pilot 𝝍𝑡 are 

clubbed in the set 𝒮𝑡
interf , and member 𝑘 ∈ 𝒮𝑡

interf having the  𝐠𝑡,𝑘 will be using  the transmit power 

𝜌𝑡,𝑘 . [35] 

 

(7) 

(8) 

(9) 
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𝐖
𝝍𝑡

∗

‖𝝍𝑡‖
= ∑ 𝐰𝑙

𝐝𝑙
T𝝍𝑡

∗

‖𝝍𝑡‖
𝑙

+ ∑ √𝜌𝑡,𝑘𝜏𝑝𝐠𝑡,𝑘

𝑘∈𝒮𝑡
interf

. 

|𝐖
𝝍𝑡

∗

‖𝝍𝑡‖
|

2

= ∑ 𝐰𝑙

|𝐝𝑙
T𝝍𝑡

∗|2

‖𝝍𝑡‖2

𝑙

+ ∑ (√𝜌𝑡,𝑘𝜏𝑝𝐠𝑡,𝑘)
2

𝑘∈𝒮𝑡
interf

+ 2 ∑ 𝐰𝑙

𝐝𝑙
T𝝍𝑡

∗

‖𝝍𝑡‖
𝑙

∑ √𝜌𝑡,𝑘𝜏𝑝𝐠𝑡,𝑘

𝑘∈𝒮𝑡
interf

. 

 

If the interfering channels are also assumed to satisfy channel hardening and Favourable propagation 

properties described in (5) and (6), for 𝑀 → ∞ , denoted as ‖𝐰𝑙‖2/𝑀 → 𝛽𝑤,𝑙 and ‖𝐠𝑡,𝑘‖2/𝑀 → 𝛽𝑡,𝑘 

,(11) can be written as , 

𝜔𝑡 =
|𝐖

𝝍𝑡
∗

‖𝝍𝑡‖
|2

𝑀
→ ∑ 𝛽𝑤,𝑙

|𝐝𝑙
T𝝍𝑡

∗|2

‖𝝍𝑡‖2

𝑙

+ ∑ 𝜌𝑡,𝑘𝜏𝑝𝛽𝑡,𝑘

𝑘∈𝒮𝑡
interf

 

 

 The third term in (11) vanishes as 𝑀 → ∞  according to (6). Although  𝜔𝑡 contains interference caused 

by data transmission as well as RA pilots in other cells, but the interference caused by the data 

transmission will play the dominant role because of the neighboring cells which are the closest in time-

frequency domain send data. 

 

2) Precoded Random Access Response from BS towards the UE: 

The second step involves the response from BS to the RA pilots sent by UE. This response is a precoded 

downlink pilot signal corresponding to each RA pilot that was sent in the first step by the UE. 𝝓𝑡 ∈ ℂ𝜏𝑝 

is the downlink pilot corresponding to 𝝍𝑡  . These downlink pilots 𝝓1, … , 𝝓𝜏𝑝
∈ ℂ𝜏𝑝 are mutually 

orthogonal and satisfy ‖𝝓𝑡‖2 = 𝜏𝑝 . The precoded downlink pilot signal 𝐕 ∈ ℂ𝑀×𝜏𝑝   is [35] 

𝐕 = √𝑞 ∑
𝐲𝑡

∗

‖𝐲𝑡‖
𝝓𝑡

T

𝜏𝑝

𝑡=1

, 

similar to the uplink transmit power 𝜌 , 𝑞 is the downlink transmit power whose value is 

predefined. 

The signal 𝐳𝑘 ∈ ℂ𝜏𝑝 received by the some UE 𝑘 ∈ 𝒮𝑡 is [35] 

𝐳𝑘
T = 𝐡𝑘

T𝐕 + 𝝊𝑘
T + 𝜼𝑘

T, 

 

where 𝐡𝑘
T is the reciprocal downlink channel, 𝝊𝑘 represents unter-cell interference and  𝜼𝑘 ∼

𝒞𝒩(𝟎, 𝜎2𝐈𝜏𝑝
) is the receiver noise. By correlating the received signal 𝐳𝑘 with the normalized 

(10) 

(13) 

(14) 

(12) 

(11) 
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DL pilot sequence 𝝓𝑡 , (14) can be modified as, 

𝑧𝑘 = 𝐳𝑘
T

𝝓𝑡
∗

‖𝝓𝑡‖
= 𝐡𝑘

T𝐕
𝝓𝑡

∗

‖𝝓𝑡‖
+ 𝝊𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
+ 𝜼𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
 

Substituting the value of 𝐕 from (13), (15-a) can be written as, 

𝑧𝑘 = 𝐳𝑘
T

𝝓𝑡
∗

‖𝝓𝑡‖
= √𝑞𝐡𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
𝝓𝑡

T
𝐲𝑡

∗

‖𝐲𝑡‖
+ 𝝊𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
+ 𝜼𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
 

Again putting 𝝓𝑡
∗𝝓𝑡

T = ‖𝝓
𝑡
‖2 = 𝜏𝑝 , the above equation becomes  

𝑧𝑘 = 𝐳𝑘
T

𝝓𝑡
∗

‖𝝓𝑡‖
= √𝑞𝜏𝑝𝐡𝑘

T
𝐲𝑡

∗

‖𝐲𝑡‖
+ 𝝊𝑘

T
𝝓𝑡

∗

‖𝝓𝑡‖
+ 𝜂𝑘 

where 𝜂𝑘 = 𝜼𝑘
T 𝝓𝑡

∗

‖𝝓𝑡‖
∼ 𝒞𝒩(0, 𝜎2) is the effective receiver noise. Also,  

𝑧𝑘

√𝑀
= √𝑞𝜏𝑝

(𝐡𝑘
H𝐲𝑡)∗

𝑀

1

√ 1
𝑀

‖𝐲𝑡‖2

+
𝝊𝑘

T𝝓𝑡
∗

√𝑀‖𝝓𝑡‖
+

𝜂𝑘

√𝑀

 
𝑧𝑘

√𝑀
→

𝑀→∞ √𝜌𝑘𝑞𝛽𝑘𝜏𝑝

√∑ 𝜌𝑖𝛽𝑖𝜏𝑝 + 𝜔𝑡 + 𝜎2
𝑖∈𝒮𝑡

 

 

Noise remains constant with M and the inter-cell interference part 𝝊𝑘 is assumed to be remain 

unaffected by M because of the previously made assumption that closest interfering cells that will be 

transmitting the RA pilot will allocate the downlink pilots in a different fashion in order to avoid the 

interference caused by contamination by coherent pilots. Let us define a new variable 𝛼𝑡 as   

𝛼𝑡 = ∑ 𝜌𝑖𝛽𝑖𝜏𝑝 + 𝜔𝑡

𝑖∈𝒮𝑡

 

 

Let ℜ(⋅) denote the real part of its input quantity. Substituting this value of 𝛼𝑡 in  (16), the following 

estimate can be drawn [35], 

ℜ(𝑧𝑘)

√𝑀
≈

√𝜌𝑘𝑞𝛽𝑘𝜏𝑝

√𝛼𝑡 + 𝜎2
, 

As the imaginary part of 𝑧𝑘 comprises only of noise, interference and estimation errors .So they 

have been discarded conveniently.  Based on (17), UE k  estimates 𝛼𝑡 as follows [35]: 

𝛼
^

𝑡,𝑘
approx1

= 𝑚𝑎𝑥(
𝑀𝑞𝜌𝑘𝛽𝑘

2𝜏𝑝
2

(ℜ(𝑧𝑘))2
− 𝜎2, 𝜌𝑘𝛽𝑘𝜏𝑝), 

Here 𝑚𝑎𝑥(⋅,⋅) selects the maximum of the two values (since UE k knows that 𝛼𝑡 ≥ 𝜌𝑘𝛽𝑘𝜏𝑝 ).  

 

(15a) 

(16) 

(17) 

(18) 

(19) 

(15b) 

(15c) 
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3) Collision Resolution and Pilot Retransmission by the UE 

Pilot retransmission is done in the third step. Each UE 𝑘 ∈ 𝒮𝑡 is well aware of its own average signal 

gain 𝜌𝑘𝛽𝑘𝜏𝑝 and the sum of  signal gains of the other contenders (plus inter-cell interference) that leads 

to the deduction of following hard decision rule: 

• Pilot collision is said to  occur when 𝛼
^

𝑡,𝑘 > 𝜌
𝑘
𝛽

𝑘
𝜏𝑝  

• It can also determine the amount by which it's signal gain is stronger than the cumulative 

sum of its contenders: 𝜌
𝑘
𝛽

𝑘
𝜏𝑝/𝛼

^

𝑡,𝑘 

 

The contentions are resolved considering the following rules:  

 

Rule 1: 

The UE 𝒌 ∈ 𝓢𝒕 with the largest 𝝆𝒌𝜷𝒌𝝉𝒑, will be regarded as the winner of contention, also called 

as the  strongest user. 

Considering the instant when 𝛼𝑡 is known exactly (i.e. asymptotic case), if kth  UE’s signal gain is greater 

than the sum of signal gains of all other contending UEs, then it will definitely be the winner of 

contention. This can be modelled mathematically as [35]  

 𝜌𝑘𝛽𝑘𝜏𝑝 > 𝛼𝑡 − 𝜌𝑘𝛽𝑘𝜏𝑝 

𝜌𝑘𝛽𝑘𝜏𝑝 > 𝛼𝑡/2 

 

Rule 2: 

A collision is said to be resolved if and only if one UE regards itself as the contention winner. 

 

Rule 3: 

When any single UE is unable to appoint itself a contention winner then a false negative occurs 

whereas more than one UE tries to appoint itself as the strongest UE, a false positive occurs. 

 The following distributed hard decision rule is used by the UEs [35]: 

ℛ𝑘: 𝜌𝑘𝛽𝑘𝜏𝑝 > 𝛼
^

𝑡,𝑘/2 + 𝜖𝑘(repeat),

ℐ𝑘: 𝜌𝑘𝛽𝑘𝜏𝑝 ≤ 𝛼
^

𝑡,𝑘/2 + 𝜖𝑘(inactive).
 

 If  ℛ𝑘 is true , UE 𝑘 ∈ 𝒮𝑡 concludes that it has the strongest signal gain and retransmits the pilot 𝝍𝑡 

in Step 3. However, if ℐ𝑘  is true, it remains silent. False positives and false negatives are caused 

mostly by the errors in estimation and inter-cell interference. The final performance of the system 

can be altered by some adjustments in the bias parameter 𝜖𝑘 ∈ ℝ. 

  

            The probability of resolving a collision can be evaluated using (21) and (22) as done in [35]: 

(21) 

(22) 

(20) 
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𝑃|𝒮𝑡| resolved = Pr{ℛ1, ℐ2, … , ℐ|𝒮𝑡|} + Pr{ℐ1, ℛ2, ℐ3, … , ℐ|𝒮𝑡|} + ⋯

+Pr{ℐ1, … , ℐ|𝒮𝑡|−1, ℛ|𝒮𝑡|},  

 

4) Temporary Allocation of Dedicated and Unique Pilots Sequences to the 

UEs by BS: 

 

The retransmitted RA pilot along with some other uplink messages are received by the BS in the third 

step. BS uses 𝝓𝑡 for estimating the channel of the UE that has transmitted RA pilot 𝝍𝑡  and the 

message associated with that RA pilot is decoded . Once this process of decoding is completed 

successfully (it denotes that BS has recognized one of the inactive UEs that have transmitted the same 

RA pilot 𝝍𝑡   in step 1 ),  BS can add it to the payload data blocks by assigning pilot sequence 𝝍𝑡  to 

that UE for further data transmission. This resource allocation decision is transmitted to UE in the 

downlink signal.  

 

                The above four steps in the SUCRe protocol are repeated at a given interval. The UEs that are 

not allocated a unique pilot sequence in step 4 will be trying for the random access again after some 

time. However, the fashion in which they will be again repeating this process can be decided. 

Alternatively, additional steps on top of the SUCRe protocol also can be added to resolve the remaining 

collisions (like SUCR-TA (strongest user collision resolution with timing advance information) or 

SUCR-IPA (SUCR combined idle pilot access), by utilizing any conventional contention resolution 

method. 

(23) 



 

 

 

Chapter 4 
 

 

Retransmission Based on “Soft Decision Rule” 

 

The SUCRe has been able to resolve a significant portion of the pilot collision in crowded massive 

MIMO scenarios and continues to admit the UEs efficiently in overloaded networks (shown in chapter 

5) but it also has a limitation. As it is based on the “the strongest user will be the winning contender” 

phenomena- hard decision rule, there has to be a noticeable difference between the large scale fading 

coefficient, so this decision rule holds true for only one contending UE.  When the number of contenders 

is not so large, this condition is generally gets satisfied by a few cases whenever a collision occurs. On 

the contrary, the occurrence of collision is more frequent when the number of UEs within the cell 

increases, hence the probability that strongest user’s signal gain is higher than half of the sum of other 

contending UEs signal gain decreases, resulting in no retransmission of pilot signal in step 3 by any UE. 

 

               This limitation gives the scope for a different decision rule that can be used for retransmission 

of pilots in the third step. Conventionally, the SUCRe protocol uses a hard decision rule for this purpose, 

i.e. if the condition is true, the strongest UE will retransmit its pilot and if not, the UE remains silent 

which has been described in chapter 3.  

 

 

4.1 Proposed “Soft Decision Rule”  

 

The kth user will retransmit its chosen pilot in step 3 if the hard decision rule in (21) is satisfied. 

𝜌𝑘𝛽𝑘𝜏𝑝 > 𝛼
^

𝑡,𝑘/2 + 𝜖𝑘 

 Hereby defining  𝛾𝑡,𝑘 = 𝛼
^

𝑡,𝑘 + 2𝜖𝑘, equation (20)  can be rewritten as , 

𝜌𝑘𝛽𝑘𝜏𝑝

𝛾𝑡,𝑘
> 0.5 , 𝑖𝑓 𝛾𝑡,𝑘 𝑖𝑠 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒  

and  

𝜌𝑘𝛽𝑘𝜏𝑝

−𝛾𝑡,𝑘
> −0.5 , 𝑖𝑓 𝛾𝑡,𝑘 𝑖𝑠 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒  

(24) 

 

 

 

) (25) 

(26) 
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combining the expressions in (25) and (26),  

 

𝜌𝑘𝛽𝑘𝜏𝑝

|𝛾𝑡,𝑘|
> sign(𝛾𝑡,𝑘)0.5, 

 

where sign (⋅) is the signum operator. 

 

When the SUCRe decentralized hard decision rule rewritten in (27) holds true then the UE retransmits 

its sequence. However, this criterion may lead to contradictory conclusions as explained below: 

 If the value of  
𝜌𝑘𝛽𝑘𝜏𝑝

|𝛾𝑡,𝑘|
 for a given UE approaches sign(𝛾𝑡,𝑘)0.5 by the left side, the UE will 

decide to remain inactive in  step 3. 

 If it approaches sign(𝛾𝑡,𝑘)0.5 from right side, UE will retransmit its pilot in step 3.  

 

Figure 7: Probability of retransmission based on the conventional hard decision and proposed “soft decision rule” 

  

Moreover, when more UEs that end up contending for the same pilot, their large scale coefficients don’t 

differ by a significant value, so it becomes very difficult for the UEs to appoint themselves as contention 

winner based on the hard decision rule, this condition leads to false negatives. 

 

              Here a soft decision rule is proposed for the SUCRe protocol where the value of  
𝜌𝑘𝛽𝑘𝜏𝑝

|𝛾𝑡,𝑘|
 can 

be mapped into a probability of retransmission for each UE such that its decentralized and uncoordinated 

(27) 
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features remain intact. Sigmoid function is used for smoothening of the hard decision in (21) as shown 

in Fig. 8.  

 

A sigmoid function refers to the special case of the logistic function and defined by  







x
e

xf
x

,
1

1
)(


. 

Where λ is the smoothening parameter of the sigmoid curve. As the value of λ increases, the curve 

becomes sharper. This parameter should be chosen carefully so that a suitable performance for any 𝐾0 

value can be achieved efficiently. 

 

      Here only the positive values of 𝛾𝑡,𝑘 is taken. When 𝛾𝑡,𝑘 value is negative , this soft decision curve 

in Fig. 7 will be shifted horizontally and will be centered at -0.5. 

 

  

(28) 



 

 

 

Chapter 5 
 

 

Performance evaluation and numerical results  

 

The conventional SUCRe protocol is numerically studied in this chapter. Its performance 

over cellular networks in different fading scenarios are then compared. The performance 

improvement of SUCRe protocol by using the proposed soft decision rule is studied as 

well. The results of those comparisons will lay the base of these protocols in real-world 

crowded cellular networks.  

 

A. Performance Comparison of the Conventional SUCRe Protocol 

Over Different Fading Channels 

 

5.1 Simulation setup 
 

The center cell of the network shown in Fig. 4 is chosen for simulation here. The radius of each cell is 

250m and the distance between any two UEs is greater than 25m. they are distributed uniformly with 

respect to the BS.  The estimate 𝜶
^

𝒕,𝒌
approx1 of αt which is defined in (18) is used in all the simulations. 

 

 

5.1.1 Channel Propagation Models 
 

A model is necessary to predict the effects of the fading accurately in order to mitigate its effects. 

Therefore, eight different channel models are taken here. The properties of these channels are as 

follows: 

 

1) Rayleigh fading channel model  
 

The fading can be modeled as Rayleigh distributed when there is no line of sight (LOS) component 

present in the received signal. LOS signal may also be characterized by a component that contains 

considerably higher power than the collective power of all the remaining components. 

 

The probability density function (PDF) of the fading amplitude can be given by (29)       
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Where Ω=E(X2) is known as fading power. 

 

However, the uncorrelated and correlated fading, both are considered separately while doing the 

simulations. 

 

2) Hoyt fading channel model 

 
Hoyt distribution is used to model the fading channels when it is more severe than the Rayleigh fading 

conditions. It is also known as Nakagami-q fading. 
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     Where q is the fading parameter for Hoyt distribution and Iv is the Bessel function of the first kind 

and vth order. The value of q ranges from 0 and 1.the value of the fading parameter q shows the severity 

level of fading. q=0 represents the highest severity that can be modeled by Hoyt distribution and q=1 

represents the lowest. The difference of Hoyt fading from Rayleigh fading is that it considers unequal 

powers in in-phase and quadrature phase components of the received signal. 

 

         Simulations are done for conventional SUCRe protocol considering the Hoyt fading channel. Fig. 

8 shows the probability of resolving collision as a function of number of BS antennas for Hoyt fading 

channel model. Fig. 8(a) neglects the inter-cell interference (i.e. the adjacent cells are silent in RA 

block), while Fig. 8(b) considers the interference. 

 

          From fig.8, it can be clearly said that this scheme performs better in severe fading cases. with 

increasing values of q. This happens because the path-loss differences are lower in lower fading cases, 

which makes it hard to decide which UE has the strongest gain. 

 

 

(29) 

(30) 
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(a) Without interference from adjacent cells 

 

(b) With interference from adjacent cells 

Figure 8: SUCRe protocol performance over Hoyt fading channel for different values of q. (a)without interference case (b) 

with interference case 

 

 

3) The Rician fading channel model  

 
Earlier two models were suitable for modeling the fading distributions in a non-LOS environment. 

Rician fading is more suitable for the LOS scenario where the collection of multipath components 

contains a dominant component that has high strength as compared to other components. Rice 
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distribution is also known as Nakagami-n distribution. The PDF of rice distributed amplitude can be 

given by  








 


 )1(

2(
)1(2

)( 0

)1( 2

KK
xIxe

K
xp

xK
K

X  

Where K is the rice factor. It is the fading parameter of rice distribution. K is defined as the ratio of the 

power of the dominant component to the total power of scattered component. Its value ranges from 0 to 

  depending upon the environmental conditions.  

 

                      Simulations are done for conventional SUCRe protocol considering the Rician fading 

channel model. Fig. 9 shows the probability of resolving collision as a function of number of BS 

antennas over the Rician fading channel model for different value of fading parameter K. Fig. 9(a) 

neglects the inter-cell interference (i.e. the adjacent cells are silent in RA block), while Fig. 9(b) 

considers the interference. 

 

 

(a) without interference from adjacent cells 

     

        Fig. 9 shows that as we increase the value of the fading parameter K (ratio of the power of dominant 

component to the total power of the scattered components), the performance deteriorates drastically, 

which is because of the fact that Rician channel is used for LoS cases, so the performance degrades as 

the path loss differences are lesser which makes the process of decision of a winning contender hard. 

Thus it is only suitable for the lower values of fading parameter. 

 

(31) 
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(b) with interference from adjacent cells 

Figure 9:  SUCRe protocol performance over the Rician fading channel with different Rician factors. (a) without interference 

from adjacent cells. (b) with interference from adjacent cells 

 

4) Nakagami-m Fading channel model  
 

Nakagami-m distribution is used to model fading scenario in various conditions (mostly in a non-LOS 

environment).  Nakagami-m distribution is also commonly used to model the fading statistics of the 

received signal but it can model fading under generalized conditions up to a certain level. In the physical 

model, the fading parameter, m, is defined as the number of clusters of multipath components in the 

received signal. 

       

                     Simulations are done for conventional SUCRe protocol considering the Nakagami-m 

fading channel model. Fig. 10 shows the probability of resolving collision as a function of number of 

BS antennas over the Nakagami-m fading channel model for different value of fading parameter m. Fig. 

10(a) neglects the inter-cell interference (i.e. the adjacent cells are silent in RA block), while Fig. 10(b) 

considers the interference. Here as the number of multipath clusters m increases, the probability of 

resolving collisions also increases. 
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(a) without inter-cell interference 

 

(b) with inter-cell interference 

Figure 10: SUCRe protocol performance over nakagami-m channels for different values of fading parameter m. (a) without 

inter-cell interference (b) with inter-cell interference 

 

5)    fading channel model 
 

 η − μ distribution is also suitable to model non-LOS environments. Like Nakagami-m fading, η − μ 

distribution also models a generalized fading scenario which includes the non-homogeneous 

environment which is composed of the reflecting obstacles, scattering elements, etc., of different 

physical properties. The physical model relates a number of clusters to the fading parameter, μ. Thus, 

this technique is valid for the generation of fading coefficients with discrete values of μ. The restriction 

is that the values of μ have to be half-integer, i.e., integer values of 2μ. For other values of μ, it is not 

possible to generate the channel coefficients using a simple set of instructions. It has two formats of 
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fading distribution. Format 1 is best for modeling suburban and rural areas undergoing a non-isotropic 

scattering environment. In non-isotropic scattering structure, the BS is assumed to be fixed with no 

scatterers around it whereas the UE is considered to be a moving unit and scatterers are distributed 

randomly around it. The format 2 approximates the fading conditions in urban areas undergoing 

isotropic scattering environment efficiently. In isotropic scattering structure, the BS is considered to be 

a fixed unit with no scatterers around it and UE is assumed to be ma moving unit with uniformly 

distributed scatterers around it.  As here, the crowded urban case is considered, format 2 will be taken 

into consideration [34]. 

 

       Due to the isotropic scattering structure in format 2, the signal arrives at receiver with the same 

phase thus the in-phase and the quadrature – phase components of the faded signal have identical 

powers. Hence the correlation coefficient ‘η’ is calculated between the in-phase and the quadrature 

phase component of the received signal. The PDF of η – μ distribution format 2 is given by [34] 

 

𝑓𝑃(𝜌) =
4√𝜋𝜇𝜇+

1
2𝜌2𝜇

𝜂𝜇−
1
2√1 − 𝜂2Γ(𝜇)

exp [−
2𝜇𝜌2

1 − 𝜂2
]

× 𝐼
𝜇−

1
2

[
2𝜂𝜇𝜌2

1 − 𝜂2
],

 

 

where −1 < 𝜂 < 1 denotes the correlation coefficient between the in-phase and quadrature components 

of each multipath cluster, μ denotes the number of multipath clusters and 𝜌 denotes the normalized 

envelope. 

                  Simulations are done for conventional SUCRe protocol considering the η − μ fading channel 

model. Fig. 11 shows the probability of resolving collision as a function of number of BS antennas over 

the η − μ fading channel model for different value of η and μ. Fig. 11(a) neglects the inter-cell 

interference (i.e. the adjacent cells are silent in RA block), while Fig. 11(b) considers the interference. 

 

         As the number of the multipath cluster increases the amplitude of the received signal is also 

increased. This suggests that the severity of fading is decreased as the number of multipath 

clusters (μ) increases in a fading environment for a fixed value of η. Whereas for fixed μ and varying η, 

the incoming signal arrives with the same phase at receiver side due to isotropic scattering environment 

of format 2 so the values are almost overlapped as the value of correlation coefficient between in-phase 

and a quadrature component (η) of the received signal increases. 

 

(32) 
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(a) without inter-cell interference 

 
(b) with inter-cell interference 

Figure 81: SUCRe protocol performance over η -μ  channel for different values of η and μ. (a) without inter-cell interference 

(b) with inter-cell interference 

 

 

6)    fading channel model 

 
The proposal of κ − μ fading was laid down by M. D. Yacoub as a generalized distribution to model 

fading environment. Unlike Nakagami-m and η − μ fading models, κ − μ distribution is suitable to 

model LOS environments. Like Nakagami-m fading and η−μ distributions, κ−μ distribution also can 

model a generalized fading scenario which includes the non-homogeneous environment which is 

composed of the reflecting obstacles, scattering elements, etc. of different physical properties. The 
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physical model relates a number of clusters to the fading parameter, μ. Thus, this technique is valid for 

the generation of fading coefficients with discrete values of μ. The restriction is that the values of μ have 

to be integers. For other values of μ, it is not possible to generate the channel coefficients using a simple 

set of instructions. The PDF of κ − μ fading distribution is given by [39] 
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where P is the normalized fading envelope, κ>0 is the ratio between the total power of dominant 

components and total power of scattered components and 𝐼𝑣(∙) is the modified Bessel function of fithe 

rst kind and of order v. 

 

       Simulations are done for conventional SUCRe protocol considering the κ − μ fading channel model. 

Fig. 12 shows the probability of resolving collision as a function of number of BS antennas over the κ 

− μ fading channel model for different value of κ and μ. Fig. 12(a) neglects the inter-cell interference 

(i.e. the adjacent cells are silent in RA block), while Fig. 12(b) considers the interference. It is clear 

from Fig. 12 that performance is better for lower values of fading parameter. 

 

 

(a) without inter-cell interference 

(33) 
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(b) with inter-cell interference 

Figure 12: SUCRe protocol performance over the κ-μ channel for different value of κ and μ. (a) without inter-cell 

interference (b) with inter-cell interference 

 

7)    fading channel model 

 
The proposal of α − μ distribution had been made with the name of Stacy distribution as a generalization 

to Gamma distribution. The initial proposal of Stacy distribution was to deal with the statistical 

problems, which was renamed later by M. D. Yacoub as α − μ distribution. α – μ distribution can be 

used to model fading channels in the environment characterized by non-homogeneous obstacles that 

may be nonlinear in nature. Like the other generalized fading models discussed earlier in this section, α 

– μ fading can also model various fading distributions as a special case. The PDF of α − μ fading 

distribution is given by [40] 

𝑓𝑃(𝜌) =
𝛼𝜇𝜇𝜌𝛼𝜇−1

Γ(𝜇)exp (𝜇𝜌𝛼)
 

  

             where P denotes the normalized envelope of fading signal, 𝛼 > 0 is an arbitrary parameter , 

𝜇 > 0 is the inverse of the normalized variance of 𝑃𝛼 i.e. 𝜇 =
𝐸2(𝑃𝛼)

𝑉(𝑃𝛼)
  and  Γ(𝑧) = ∫ 𝑡𝑧−1exp (−𝑡)𝑑𝑡

∞

0
 

is the Gamma fuction . Simulations are done for conventional SUCRe protocol considering the α − μ 

fading channel model. Fig. 13 shows the probability of resolving collision as a function of number of 

BS antennas over the α − μ fading channel model for different value of α and μ. Fig. 13(a) neglects the 

inter-cell interference (i.e. the adjacent cells are silent in RA block), while Fig. 13(b) considers the 

interference. From Fig. 13, it can be seen that, as fading parameter 𝜇 increases, which is associated with 

(34) 
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the multipath clustering, the amount of fading decreases and thus the probability of resolving collisions 

increases 

 

(a) without inter-cell interference 

 

(b) with inter-cell interference 

Figure 13: SUCRe protocol performance over α − μ channel for different value of α and μ. (a) without inter-cell interference 

(b) with inter-cell interference 
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Table 2: Different fading channels and their properties 

Fading channel Environment Fading 

Parameter 

Special Cases 

Rayleigh  Non- LOS - - 

Hoyt / Nakagami-q Non-LOS q (Range: 0 to 1) q=0 : one-sided Gaussian 

q=1 : rayleigh 

Rician / 

Nakagami-n 

LOS K (Range:0 to ∞) K=0 : Rayleigh 

K=∞ : No fading  

Nakagami-m Non-LOS m (Range:1 to ∞) m=1 : Rayleigh 

m=0.5 : one-sided Gaussian 

m> : (approx.. rician) 

m=∞ : no fading 

   
Non-LOS η , μ (μ must be a 

half integer) 

η =1, μ=0.5 :Rayleigh 

η =1, μ=0.25:one-sided Gaussian 

η =1, μ=1.5 :nakagami-m 

η =0.25, μ=0.5:hoyt 

   LOS κ , μ (μ must be an 

integer) 

κ =0 , μ=0.5: one-sided Gaussian 

κ =0 , μ=1: Rayleigh 

κ =0 , μ=m:nakagami-m 

κ =K , μ=1:rician 

   Non-LOS α , μ  (μ must be an 

integer) 

α =2 , μ=m: nakagami-m 

α =2 , μ=1: Rayleigh 

α =2 , μ=o.5:one-sided Gaussian 

α =1 , μ=1:exponential   

 

 

5.2 Probability of resolving collisions by SUCRe protocol 

The parameters chosen for the calculation of the probability of resolving collisions by SUCRe protocol 

are summarized in the table below: 

 

Table 3: Simulation parameters for the evaluation of the probability of resolving collisions 

Parameter Value 

hard decision rule - 

Probability of UE being active 𝑃𝑎 = 0.1 % 
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Length of the training sequence 𝜏𝑝 = 10 

Number of inactive devices 𝐾0 = 5000 

The radius of each hexagon 𝒅max 250m 

Min. distance between two UEs 𝒅min 25m 

d  10-3.53 

Path loss exponent 3.8 

Shadowing standard deviation 8 dB 

Probability of accessing the network 

by each UE 

0.5 % 

 

The probability to resolve collisions is defined as  

𝑃resolved = 𝔼{𝑃|𝒮𝑡|,resolved||𝒮𝑡| ≥ 1}

= ∑

𝑃𝑁,resolved( 𝐾0
𝑁

)(
𝑃𝑎

𝜏𝑝
)𝑁(1 −

𝑃𝑎

𝜏𝑝
)𝐾0−𝑁

1 − (1 −
𝑃𝑎

𝜏𝑝
)𝐾0

𝐾0

𝑁=1

,
 

 

 

Figure 14(a): without interference from other cells 

 

Fig. 14 shows the SUCRe protocol performance in terms of probability of resolving collisions as the 

function of number of antennas in the BS for the fading models that are discussed above. It can be 

(35) 
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directly observed the probability of resolving collisions increases as number of BS antennas increases, 

thus it can be inferred that SUCRe protocol depends on the channel hardening and Favourable 

propagation characteristics of the massive MIMO channels. 

 

 

Figure 14(b): with interference from other cells 

Figure 14: Probability of resolving collisions, as a function of the number of BS antennas, in a highly loaded cellular network 

with or without inter-cell interference 

 

Uncorrelated Rayleigh performs better than correlated Rayleigh fading, but the difference is small 

when M is large. The LoS model has a bit worse performance because the conventional SUCRe 

protocol relies on the selection of the strongest user. However, in LoS case, the path loss differences 

are lower so it is hard to decide which UE has the strongest signal gain. Table 4 summarizes the 

performance for all the channels in both with interference and without interference cases terms of 

collision resolution capability in % for different values of M (10, 50, 100, 200). The fading parameter 

values for Rician, Hoyt, nakagami-m, etc. channels are chosen based on fig. 13, 14, 15,16,17,18 (the 

best case scenarios). The baseline protocol is the simple case, where, if a collision happens, the process 

ends there abruptly and the pilots are retransmitted in the coming random access slots. Fig. 14 also 

depicts that the conventional SUCRe protocol is able to admit roughly four times as many UEs per RA 

pilot than the baseline scheme. There is only a slight performance degradation in interference cases 

which suggests that SUCRe protocol performs well for interference as well as without interference 

cases. 
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Table 4: comparison of SUCRe protocol over different fading channels 

Fading 

channels 

collisions 

resolved for 

M=10  (%) 

collisions 

resolved for 

M=50  (%) 

collisions 

resolved for 

M=100  (%) 

collisions 

resolved for 

M=200  (%) 

Without 

intf. 

With 

intf. 

Without 

intf. 

With 

intf. 

Without 

intf. 

With 

intf. 

Without 

intf. 

With 

intf. 

LoS with 

random 

power back 

off 

79.96 80.2 90.31 90.5 91.65 92.04 92.56 92.77 

Uncorrelated 

Rayleigh 

fading 

81.78 50.27 89.81 70.67 90.69 77.94 91.52 83.29 

Correlated 

Rayleigh 

fading 

74.11 47.97 87.36 68.78 89.42 76.76 90.82 82.61 

LoS 71.03 71.57 78.84 78.91 80.05 80.17 80.71 80.75 

Rician 74.02 73.47 80.62 80.51 81.47 81.48 81.97 81.96 

Hoyt 74.11 47.97 89.21 69.21 91.08 77.67 92.22 83.90 

Nakagami-m 86.52 50.27 92.03 71.48 92.86 79.31 93.35 84.82 

η -μ 86.52 50.27 90.92 71.06 91.65 78.16 91.93 82.53 

κ-μ 78.15 77.54 80.35 80.13 80.58 80.36 80.71 80.58 

α-μ 86.52 50.27 91.56 71.18 92.39 78.9 92.74 84.23 

Baseline 

protocol 

40.08 40.08 40.08 40.08 40.08 40.08 40.08 40.08 

 

 

5.3 Tuning Probabilities Using Bias Terms 

Now, using (21) and (23) from chapter 3, simulations are done to observe the effect of the bias 

term 𝜖𝑘  on the decisions. This is done by choosing a value of  𝜖𝑘  corresponds to adding δ standard 

deviations of ‖𝐡𝑘‖2/𝑀 around its mean value 𝛽𝑘). These simulations have been performed for a 

simple uncorrelated Rayleigh fading channel. Fig. 15 shows the probabilities of resolving collision, 



Chapter 5. Performance evaluation and  results 35 

 

 

false positive and false negative as a function of δ, for M=100. These simulations are also done for 

both with and without interference cases.  

 

 

Figure 15(a): without interference  

 

Figure 15(b): with interference case 

Figure 15: for different bias terms in the hard decision rule, the probability of resolving collisions, false negatives, and false 

positives are illustrated   

UE k can be encouraged to assign itself the contention winner by subtracting one or two δ from 

𝛼
^

𝑡,𝑘/2  in the decision rule,. This results in a higher probability of resolving collisions, at the cost of 

more false positives where more than one UEs try to retransmit their pilot sequence in the third step. In 
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contrast, by adding one or two standard deviations to 𝛼
^

𝑡,𝑘/2  in the decision rule, UE k can be 

discouraged from assigning itself the winner of the contention and thereby the probability of false 

positives reduces to zero—at the cost of resolving fewer collisions and having more false negatives 

implying that no UE will be retransmitting its pilot in the third step. 

 

5.4 Probability of Failed Attempts & Average Number of 

Random Access Attempts  

 

Whenever any UE that is trying to access the wireless network, experiences a collision which could not 

be resolved by RA protocol, then that UE will be attempting for the access again after waiting for the 

random amount of time. However, after making 10 access attempts, the UE stops the retransmission 

considering that access has been denied by the network. This is the same baseline protocol chosen for 

simulation in Fig. 14, only with a slight modification of 10 access attempts before ending the process 

and then trying in next random access slot. The evaluation of the average number of RA attempts and 

the probability of failed transmission is done for SUCRe protocol [35] and the proposed SUCRe using 

the soft decision rule. The simulation parameters taken to determine the same are described in table 5.  

Table 5 Simulation parameters for evaluation of the average number of access attempts and the probability of failed attempts 

Parameter Value 

Soft decision rule Sigmoid function 

Probability of UE being active 𝑃𝑎 = 0.1 % 

Length of the training sequence 𝜏𝑝 = 10 

Number of inactive devices 𝐾0 ∈ [1; 16000] 

The radius of each hexagon 𝒅max 250m 

Min. distance between two UEs 𝒅min 25m 

d  10-3.53 

Path loss exponent 3.8 

Shadowing standard deviation 8 dB 

 

Fig. 16 (a) shows the average number of access attempts as the function of number of inactive UEs and 

Fig. 16(b) shows the probability of failed access attempts as the function of number of inactive UEs for 

both conventional SUCRe and the SUCRe incorporating soft decision rule for without and with 

interference (from adjacent cells) cases. one can clearly see that a lesser number of RA attempts are 

required in soft SUCRe as compared to conventional SUCRe. The performance comparison of soft 

SUCRe with conventional SUCRe has been done and summarized in table 6.  
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Figure 16:  RA performance in a crowded urban scenario. (a) The average number of RA attempts for SUCRe and soft 

SUCRe. (b) Probability of failed attempts 

Table 6: Reduction in the average number of RA attempts and increment of active UEs in soft SUCRe in comparison with 

conventional SUCRe 

Metric Interference 𝑲𝟎 

8000 9000 10000 12000 16000 20000 

Reduction in RA 

attempts 

without -0.196 1.414 2.336 1.049 0.372 0.294 

with -0.100 0.955 1.392 0.385 0.384 0.266 

Increment in 

active UEs 

without -0.0073 0.289 0.6327 0.473 0.350 0.349 

with -0.0104 0.219 0.4224 0.422 0.341 0.329 

 

                   It shows the reduction in an average number of RA attempts of the soft SUCRe protocol in 

comparison with conventional SUCRe, with and without interference from adjacent cells. It also depicts 

the additional active UEs that can be admitted in soft SUCRe. The performance is slightly worse when 

the number of UEs is less than 8500, which is correct as soft SUCRe works well for a high number of 

contentions and the low disparity between their fading coefficients. 
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Figure 17: average number of pilot retransmission 

 

               Fig. 17 depicts the average number of pilot retransmission in step 3 for a number of inactive 

UEs ranging from [0,16000] conventional SUCRe protocol and its modified version. For conventional 

SUCRe, the curve has its peak approximately around 9000 UEs in without interference case and around 

8000 UEs for with interference case [35]. Initially, the number of retransmissions increases because of 

an increasing number of accessing UEs, but after a certain threshold, the number of collisions becomes 

very high and the hard decision rule in (21) is rarely satisfied so the average number of retransmissions 

done in the third step decreases after that threshold point. However, soft SUCRe protocol mitigates this 

degradation in an average number of pilot retransmission which in turn results in an improvement in 

overall RA performance.



 

 

 

Chapter 6 

 

Conclusions and Future Scope 

 
This work is primarily focused on RA in crowded massive MIMO networks. The simulations result 

depicted that the conventional SUCRe protocol is capable to resolve around 92-93% collisions and it 

works well in the presence of inter-cell interference and also performs satisfactorily for any choice of 

channel distribution. In overloaded situations, where more UEs request pilots than there are RA 

resources, SUCRe protocol does not fail and continues to admit a subset of the accessing UEs. When 

the comparative analysis is done on a number of channels with different distribution and fading 

parameter, it is seen that it performs well with most of them. Its performance has been further improved 

by proposing a new decision rule “soft decision rule” which is based on sigmoid function. It reduces 

the number of average RA attempts and probability of failed access attempts marginally as compared 

to conventional SUCRe where hard decision rule is used. 

 

               Some new protocols have also been proposed over time. one of them is SUCR-TA (SUCR 

incorporated with timing advance information) protocol which takes into account the propagation delay 

and picks an appropriate TA information for each pilot sequence which is activated by the UEs so that 

an overall number of contenders reduce in the subsequent steps. 

 

                  Another one is the SUCR-IPA (SUCR combined idle pilot access) which allows the UEs 

that have failed to access the network according to SUCR, to contend for the idle pilots again in the 

same random access slots. It reduces the number of access attempts significantly.  

 

               We can combine all the three proposed protocols SUCR-TA-IPA which will have advantages 

of all of the three protocols thus it will have outstanding performance in improving system throughput 

thereby reducing the number of access attempts significantly. Also, the soft decision rule can be adopted 
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