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中文摘要:  

這個研究計畫的研究成果有三部份。

首先，我們利用機率模型與排隊理論

解出經典的樹狀分裂樹演算法應用於

具備同時多封包接收能力的無線接取

網 路 的 network throughput 和

average packet delay。這部份的研

究成果[24]已經於2008年發表於IEEE 

Transactions on Mobile Computing。

其次，我們利用 Poisson 機率模型推

導出經典的 Non-persistent CSMA 演

算法應用於具備同時多封包接收能力

的 無 線 接 取 網 路 時 的 network 

throughput。這部份的研究成果[27]

已 經 於 2009 年 發 表 於 IEEE 

Communications Letters。最後，我

們針對多封包接收矩陣並非是對角化

矩陣的一般情況，提出新的分裂樹演

算法來做媒體接取控制。這部份的研

究成果[34]已經於 2011 年被 IEEE 

Transactions on Wireless 

Communications 所接受。我們的研究

成果可以用來進一步增進無線接取網

路的效能。 

中文關鍵字: 多封包接收能力、媒

體接取控制、無線接取網路。 

 

Abstract: 

The achievements of this research 

project are composed of three parts. First, 

we have proposed a novel analytical 

approach for the exact performance 

evaluation of the classic tree/stack 

splitting algorithm in an 

interference-dominating wireless access 

network with random traffic and finite 

nodes. The work [24] has been 

published in the IEEE Transactions on 

Mobile Computing in 2008. Second, we 

have derived the network throughput for 

the non-persistent CSMA algorithm for 

wireless networks with multipacket 

reception. The work [27] has been 

published in the IEEE Communications 

Letters in 2009. Last, we have proposed 

and evaluated novel medium access 

control algorithms based on tree/stack 

splitting. The proposed algorithms work 

even when the multipacket reception 

channel matrix is not a diagonal matrix. 

The work [34] has been accepted for 

publication in the IEEE Transactions on 

Wireless Communications in 2011. 
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1. Introduction 

In this project, we propose and/or 

evaluate algorithms for medium access 

control in wireless networks with 

multipacket reception [5] [11]. 

According to the conventional (0,1,e) 

channel model, when two or more nodes 

simultaneously send packets to the 

access point, a collision occurs and the 

access point does not receive/decode any 

packets. With multipacket reception 

capability, when two or more nodes 

simultaneously send distinct packets to 

the access point, an access point could 

successfully receive/decode one or more 

packets. Therefore, in a wireless 

network, multipacket reception 

capability could be used to increase the 

throughput without requiring more 

bandwidth, which is usually seen as 

scarce resource. Multipacket reception 

can be realized by CDMA multiuser 

detection techniques [31] or Successive 

Interference Cancellation [32].  

A multipacket reception channel is 

characterized by a matrix. We [24] 

analytically derived the network 

throughput and the average packet delay 

for the classic tree/stack splitting 

algorithm when the channel matrix of 

multipacket reception is a diagonal 

matrix. The classic tree/stack splitting 

algorithm is not designed for and 

therefore does not work in a wireless 

network with multipacket reception 

when the channel matrix is not a 

diagonal matrix. While there are many 

tree-based medium access control 

algorithms for the conventional collision 

channel (and channels with capture 

effects), to the best of our knowledge, in 

the literature, there are no distributed 

medium access control algorithms that 

are based on tree splitting and work for 

an arbitrary channel matrix of 

multipacket reception. In [34], we 

propose and evaluate novel splitting 

algorithms, each works for a wireless 

network with an arbitrary channel matrix 

of multipacket reception. In addition, for 

each of the three algorithms, it is 

unnecessary to know/estimate the value 

of the channel matrix of multipacket 

reception. Among the three splitting 

algorithms, the tree/stack splitting with 

remainder algorithm has the best 

performance in terms of network 

throughput and average packet delay. 

For the splitting with remainder 

algorithm, we mathematically derive the 

exact values of the network throughput 

and the average packet delay. We show 

that our analytical results are consistent 

with packet-based simulation results.  

Kleinrock and Tobagi [35] analyzed 

the performance of CSMA protocols 

based on the conventional (0,1,e) 

channel model. Chan and Berger [36] 

investigated the impact of multiple 

packet reception on CSMA, when each 

node always has packets to be 
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transmitted. In contrast, in [27], we use 

the Poisson random traffic model. Chan, 

Berger, and Tong [37] used drift analysis 

techniques to evaluate the performance 

of the slotted nonpersistent CSMA 

protocol in wireless networks with 

multiple packet reception. While they 

focused on the value of the maximum 

stable throughput, we derive the 

complete throughput function, which is 

a mapping from the network traffic load 

to the network throughput. Our work is 

the first in the literature that extends and 

applies the analytical techniques 

developed in [35] to CSMA protocols in 

wireless networks with MPR. 

 

2. Related Works 

Medium access control protocols 

can be classified into distributed 

protocols and polling-based protocols. 

There are three well-known classes of 

distributed medium access control 

protocols. They are Splitting, Aloha, and 

CSMA. Gallager [3] proposed the FCFS 

splitting algorithm. Garces and 

Garcia-Luna-Aceves [9] proposed using 

a deterministic tree-splitting algorithm 

for nodes in a wireless network to 

compete for the right to acquire the floor 

of a particular receiver's channel. Houdt 

and Blondia [7] proposed combining 

polling and a variant of the splitting 

algorithm for contention resolution in a 

wireless access network. The above 

works used the conventional (0,1,e) 

channel model. Sidi and Cidon [6] 

analyzed the performance of the FCFS 

splitting algorithm in channels with 

capture. Qin and Berry [12] proposed 

using opportunistic splitting algorithms 

that exploit channel state information. 

Yu and Giannakis [19] developed a 

medium access control protocol that 

exploits successive interference 

cancellation over multiple time slots in a 

tree splitting algorithm. Wang, Yu, and 

Giannakis [23] proposed combining the 

binary exponential backoff algorithm 

with a tree algorithm that relies on 

successive interference cancellation. In 

the above two papers, it is assumed that 

the access point knows the identities of 

all competing nodes in every time slot. 

In contrast, we do not make the 

assumption. Gore and Karandikar [29] 

proposed a FCFS splitting algorithm that 

adjusts the transmission power based on 

quaternary channel feedback. They 

focused on the capture effect rather than 

the general multipacket reception 

capability. Yim, Mehta, Molisch, and 

Zhang [26] proposed the DPMA (Dual 

Power Multiple Access) scheme, which 

is based on FCFS splitting and uses 

transmission power control to limit the 

reception power levels to two values that 

facilitate successive interference 

cancellation. They studied the case in 

which the buffer size is infinity and 

derived the stable throughput. In 

contrast, we study the case in which the 

multiple access channel is fully 

characterized by a matrix and the buffer 

size is finite. 
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Chlamtac and Farago [8] studied 

the multipacket reception capability 

provided by multiple independent 

collision channels. Adireddy and Tong 

[14] studied the use of distributed 

channel state information for random 

access in wireless networks with 

multipacket reception. In particular, they 

proposed a variant of slotted Aloha in 

which the transmission probability 

changes with the channel state. Naware, 

Mergen, and Tong [15] studied the effect 

of multipacket reception on stability and 

delay of slotted Aloha. Luo and 

Ephremides [16] studied the impacts of 

transmission power control on the 

performance of random multiple access 

with multipacket reception. Gau [17][21] 

analytically derived the saturation 

throughput and the non-saturation 

throughput for slotted Aloha in wireless 

networks with multipacket reception. 

Dua [22] proposed a user-centric 

approach for evaluating the performance 

of slotted Aloha with multipacket 

reception in a wireless network in which 

the total number of nodes is finite but 

the buffer size at each node is infinity. 

Lotfinezhad, Liang, and Sousa [20] 

derived the optimal retransmission 

probabilities for slotted Aloha in 

wireless sensor networks with 

multipacket reception. Celik, Zussman, 

Khan, and Modiano [28] proposed 

alternative backoff mechanisms for 

medium access control in wireless 

networks with multipacket reception 

capability and spatially distributed nodes. 

An introduction on CSMA protocols for 

wireless networks with multipacket 

reception can be found in [27] [28] and 

reference therein. Choudhury, Yang, and 

Vaidya [4] proposed a multi-hop RTS 

protocol for medium access control in 

wireless ad hoc networks with 

directional antennas. Guo, Wang, and 

Wu [25] studied the capacity of wireless 

ad hoc networks with multiple packet 

reception.  

An introduction on polling-based 

protocols of medium access control with 

multipacket reception can be found in 

[11][18] and reference therein. Shad, 

Todd, Kezys, and Litva [10] introduced 

dynamic slot allocation for cellular 

systems with antenna arrays to utilize 

the multipacket reception capability. 

Zhao and Tong [11] proposed the MQSR 

(Multi-Queue Service Room) protocol 

for medium access control in wireless 

networks with multipacket reception. In 

addition, they proposed a dynamic 

queue protocol [13] that achieves a 

performance comparable to that of 

MQSR with a much lower 

computational complexity. Gau and 

Chen [18] proposed and analytically 

evaluated the predictive multicast 

polling scheme which is a queue-aware 

medium access control scheme for 

wireless networks with multipacket 

reception.  
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3. Numerical and Simulation 

Results 

In this section, we show numerical 

results and corresponding simulation 

results. Details for related analytical 

results can be found in our papers 

[24][27][34]. We first evaluate the 

performance of the classic tree/stack 

splitting algorithm when the channel 

matrix of multipacket reception is a 

diagonal matrix. In Figure 1, we show 

that for the network throughput the 

numerical results are almost identical to 

the simulation results, when the buffer 

size at a node equals one. In Figure 2, 

we show that for the average packet 

delay the numerical results are almost 

identical to the simulation results, when 

the buffer size at a node equals one. In 

Figure 3 and Figure 4, we show that 

when the buffer size at a node is two, for 

the network throughput and the average 

packet delay our numerical results are 

consistent with simulation results.  

 

Figure 1: network throughput for the classic 

tree/stack splitting algorithm, 10 nodes, and 

buffer size equals one 

 

 

Figure 2: the average packet delay for the classic 

tree/stack splitting algorithm, 100 nodes, and 

buffer size equals one 

 

Figure 3: the network throughput for the classic 

tree/stack splitting algorithm, 10 nodes, and 

buffer size equals two 

 

Figure 4: the average packet delay for the classic 

tree/stack splitting algorithm, 10 nodes, and 

buffer size equals two 
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In addition, we evaluate the 

performance of the splitting with 

remainder algorithm when the buffer 

size at a node equals one but the channel 

matrix of multipacket reception is not a 

diagonal matrix. In Figure 5, we show 

that for the network throughput the 

numerical results are almost identical to 

the simulation results. In Figure 6, we 

show that for the average system size the 

numerical results are almost identical to 

the simulation results. In Figure 7, we 

show that for the average packet delay 

the numerical results are almost identical 

to the simulation results. Among the 

three variants of the tree/stack splitting 

algorithm, the splitting with remainder 

algorithms has the optimal performance 

in terms of the network throughput.  

 

 

Figure 5: the throughput for the splitting with 

remainder algorithm, 10 nodes, and buffer size 

equals one 

 

Figure 6: the average system size for the 

splitting with remainder algorithm, 10 nodes, 

and buffer size equals one 

 

 

Figure 7: the average packet delay for the 

splitting with remainder algorithm, 10 nodes, 

and buffer size equals one 
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4. Conclusions 

The achievements of this research 

project are composed of three parts. First, 

we have proposed a novel analytical 

approach for the exact performance 

evaluation of the classic tree/stack 

splitting algorithm when the channel 

matrix of multipacket reception is a 

diagonal matrix and the packet arrival 

times are random. The work [24] has 

been published in the IEEE Transactions 

on Mobile Computing in 2008. Second, 

we have derived the network throughput 

for the non-persistent CSMA algorithm 

for wireless networks with multipacket 

reception. The work [27] has been 

published in IEEE Communications 

Letters in 2009. Last, we have proposed 

and evaluated novel medium access 

control algorithms based on tree/stack 

splitting. The proposed algorithms work 

even when the multipacket reception 

channel matrix is not a diagonal matrix. 

We have analytically derived the exact 

values for the network throughput and 

the average packet delay, which includes 

the average queueing delay. The work 

[34] has been accepted for publication in 

the IEEE Transactions on Wireless 

Communications in 2011. 

        

 

 

 

 

 

 

Reference 

[1] Dimitri Bertsekas and Robert 

Gallager, Data Networks, Second 

Edition, 1992, Prentice Hall Publication, 

Upper Saddle River, NJ 07458, USA. 

[2] J. J. Capetanakis, “Tree Algorithm 

for Packet Broadcast Channel,” IEEE 

Transactions on Information Theory, Vol. 

25, Sept. 1979, pp. 505-515. 

[3] R. G. Gallager, “Conflict resolution 

in random access broadcast networks,” 

in Proc. AFOSR Workshop 

Communication Theory Applications, 

Provincetown, MA. Sept. 1978, p. 

74-76. 

[4] R. R. Choudhury, Xue Yang, R. 

Ramanathan, and Nitin H. Vaidya, “On 

Designing MAC Protocols for Wireless 

Networks Using Directional Antennas,” 

IEEE Transactions on Mobile 

Computing, Vol. 5, No. 5, May 2006, pp. 

477-491. 

[5] Sylvie Ghez, Sergio Verdu, and 

Stuart C. Schwartz, “Stability properties 

of slotted ALOHA with multipacket 

reception capability,” IEEE Transactions 

on Automatic Control, Vol. 33, July 

1988, p. 640-649. 

[6] M. Sidi and I. Cidon, “Splitting 

protocols in presence of capture,” IEEE 

Transactions on Information Theory, Vol. 

31, March 1985, p. 295-301. 

[7] Benny Van Houdt and Chris Blondia, 

“Analysis of an Identifier Splitting 

Algorithm Combined with Polling 

(ISAP) for Contention Resolution in a 

Wireless Access Network,” IEEE 



9 
 

Journal on Selected Areas in 

Communications, Vol. 18, No. 11, 

November 2000, pp. 2345-2355. 

[8] I. Chlamtac and A. Farago, “An 

Optimal Channel Access Protocol with 

Multiple Reception Capability,” IEEE 

Transactions on Computers, Vol. 43, No. 

4, April 1994, p. 480-484. 

[9] Rodrigo Garces and J. J. 

Garcia-Luna-Aceves, “Collision 

Avoidance and Resolution Multiple 

Access for Multichannel Wireless 

Networks,” IEEE INFOCOM 2000, pp. 

595-602. 

[10] F. Shad, T. D. Todd, V. Kezys, and J. 

Litva, “Dynamic Slot Allocation (DSA) 

in Indoor SDMA/TDMA Using a Smart 

Antenna Base station,” IEEE/ACM 

Transactions on Networking, Vol. 9, No. 

1, February 2001, p. 69-81. 

[11] Qing Zhao and Lang Tong, “A 

Multiqueue Service Room MAC 

Protocol for Wireless Networks With 

Multipacket Reception,” IEEE/ACM 

Transactions on Networking, Vol. 11, No. 

1, February 2003, p. 125-137. 

[12] Xiangping Qin and Randall Berry, 

“Opportunistic Splitting Algorithms for 

Wireless Networks,” IEEE INFOCOM 

2004, Vol. 3, pp. 1662-1672. 

[13] Qing Zhao and Lang Tong, “A 

Dynamic Queue Protocol for 

Multiaccess Wireless Networks with 

Multipacket Reception,” IEEE 

Transactions on Wireless 

Communications, Vol. 3, No. 6, 

November 2004, pp. 2221-2231. 

[14] S. Adireddy and Lang Tong, 

“Exploiting Decentralized Channel State 

Information for Random Access,” IEEE 

Transactions on Information Theory, Vol. 

51, No. 2, February 2005, pp. 537-561. 

[15] Vidyut Naware, Gokhan Mergen, 

and Lang Tong, “Stability and Delay of 

Finite-User Slotted ALOHA With 

Multipacket Reception,” IEEE 

Transactions on Information Theory, Vol. 

51, No. 7, July 2005, pp. 2636-2656. 

[16] Jie Luo and Anthony Ephremides, 

“Power Levels and Packet Lengths in 

Random Multiple Access With 

Multiple-Packet Reception Capability,” 

IEEE Transactions on Information 

Theory, Vol. 52, No. 2, February 2006, 

pp. 414-420. 

[17] Rung-Hung Gau, “Performance 

Analysis of Slotted Aloha in 

Interference-Dominating Wireless 

Ad-Hoc Networks,” IEEE 

Communications Letters, Vol. 10, No. 5, 

May 2006, pp. 402-404. 

[18] Rung-Hung Gau and Kuan-Mei 

Chen, “Predictive Multicast Polling for 

Wireless Networks with Multipacket 

Reception and Queueing,” IEEE 

Transactions on Mobile Computing, Vol. 

5, No. 6, June 2006, pp. 725-737.  

[19] Yingqun Yu and Georgios B. 

Giannakis, “High-Throughput Random 

Access Using Successive Interference 

Cancellation in a Tree Algorithm,” IEEE 

Transactions on Information Theory,, 

Vol. 53, No. 12, December 2007, pp. 

4628-4639. 

[20] Mahdi Lotfinezhad, Ben Liang, and 

Elvino S. Sousa, “Adaptive 



10 
 

Cluster-Based Data Collection in Sensor 

Networks with Direct Sink Access,” 

IEEE Transactions on Mobile 

Computing, Vol. 7, No. 7, July 2008, pp. 

884-897. 

[21] Rung-Hung Gau, “Performance 

Analysis of Finite-User Slotted Aloha in 

Wireless Networks with Multipacket 

Reception and Random Traffic,” IEEE 

Communications Letters, Vol. 12, No. 2, 

February 2008, pp. 140-142. 

[22] Aditya Dua, “Random Access with 

Multi-Packet Reception,” IEEE 

Transactions on Wireless 

Communications, Vol. 7, No. 6, June 

2008, pp. 2280-2288. 

[23] Xin Wang, Yingqun Yu, and 

Georgios B. Giannakis, “Design and 

Analysis of Cross-Layer Tree 

Algorithms for Wireless Random 

Access,” IEEE Transactions on Wireless 

Communications, Vol. 7, No. 3, March 

2008, pp. 909-919. 

[24] Rung-Hung Gau and Kuan-Mei 

Chen, “Probability Models for The 

Splitting Algorithm in Wireless Access 

Networks with Multi-Packet Reception 

and Finite Nodes,” IEEE Transactions 

on Mobile Computing, Vol. 7, No. 12, 

December 2008, pp. 1519-1535. 

[25] Ming-Fei Guo, Xinbing Wang, and 

Min-You Wu, “On the Capacity of 

k-MPR Wireless Networks,” IEEE 

Transactions on Wireless 

Communications," Vol. 8, No. 7, July 

2009, pp. 3878-3886. 

[26] Raymond Yim, Neelesh B. Mehta, 

Andreas F. Molisch, and Jinyun Zhang, 

“Dual Power Multiple Access with 

Multipacket Reception using Local 

CSI,” IEEE Transactions on Wireless 

Communications, Vol. 8, No. 8, August 

2009, pp. 4078-4088. 

[27] Rung-Hung Gau, “Modeling The 

Slotted Nonpersistent CSMA Protocol 

for Wireless Access Networks with 

Multiple Packet Reception,” IEEE 

Communications Letters, Vol. 13, No. 

10, October 2009, pp. 797-799. 

[28] Guner D. Celik, Gil Zussman, 

Wajahat F. Khan, and Eytan Modiano, 

“MAC for Networks with Multipacket 

Reception Capability and Spatially 

Distributed Nodes,” IEEE Transactions 

on Mobile Computing, Vol. 9, No. 2, 

February 2010, pp. 226-240. 

[29] Ashutosh Deepak Gore and Abhay 

Karandikar, “Power-Controlled FCFS 

Splitting Algorithm for Wireless 

Networks,” IEEE Transactions on 

Vehicular Technology, Vol. 59, No. 2, 

February 2010, pp. 842-856. 

[30] Sheldon M. Ross, Stochastic 

Processes, 2nd Edition, 1996, John 

Wiley and Sons Inc., New York, NY, 

USA.  

[31] Sergio Verdu, Multiuser Detection, 

1998, Cambridge University Press, 

USA. 

[32] David Tse and Pramod Viswanath, 

Fundamentals of Wireless 

Communications, 2005, Cambridge 

University Press, USA. 

[33] Ellis Horowitz, Sartaj Sahni, and 

Dinesh P. Mehta, Fundamentals of Data 

Structures in C++, 2nd Edition, 2007, 



11 
 

Silicon Press, USA. 

[34] Rung-Hung Gau, “Tree/Stack 

Splitting with Remainder for Distributed 

Wireless Medium Access Control with 

Multipacket Reception,” accepted to 

appear in IEEE Transactions on 

Wireless Communications. (Full Paper) 

[35] Leonard Kleinrock and Fouad A. 

Tobagi, “Packet Switching in Radio 

Channels: Part 1-Carrier Sense 

Multiple-Access Models and Their 

Throughput-Delay Characteristics,” 

IEEE Transactions on Communications, 

Vol. 23, No. 12, December 1975, pp. 

1400-1416. 

[36] Douglas S. Chan and Toby Berger, 

“Performance and Cross-Layer Design 

of CSMA for Wireless Networks with 

Multipacket Reception,” The 

Thirty-Eighth Asilomar Conference on 

Signals, Systems and Computers, Nov. 

2004, Vol. 2, pp. 1917-1921.  

[37] Douglas S. Chan, Toby Berger, and 

Lang Tong, “On the Stability and 

Optimal Decentralized Throughput of 

CSMA with Multipacket Reception 

Capability,” Proc. of Allerton 

Conference on Communications, 

Control, and Computing, 

September-October 2004. 

 


