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Abstract IEEE 802.11 solves hidden terminal problem by using RTS/CTS handshaking mech-

anism. However, the said mechanism can not solve the Interference Problem whenever the In-

terference Range is larger than the Transmission Range. Such situation is exacerbated in Mobile

Ad hoc NETworks (MANETs), where frame relay is done in a multihop fashion through a chain

of intermediate nodes, and results in severe performance degradation. In this paper, we present

an efficient pacing scheme to adjust the timing of frame transmission in a MANET deployed over

IEEE 802.11 nodes. Unlike previous works that limit the amount of frames to be injected into

the network, we propose frame aggregation to reduce the number of frames traveling through the

network. In addition, we also use extra backoff to maintain the desired performance. By taking

different scenarios into account, we conduct intensive simulations. Simulation results show that

by appropriately adjusting system parameters, our pacing scheme could lead to a maximum of

98% performance improvement in throughput. In addition, unlike previous works, which need to

rely on TCP congestion control, our proposed mechanism is free from the aid from upper layers

and thus can be easily deployed over MANETs.
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3 Interference ¶¸·
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¿��Æë»ìÆí î�ï  ^]�_�¢ ³�Ò�¬=¶«¥��C�=�����»ÇAÈ��
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��x  0¤�¥�¦ � ]�§�¢ ³�Ò�¬Z��Ó?Ü�¥�3,(7%�;'�,R�Þ
�B±�v7w�ÁB³�X���É�Ê ¢ ³�L,\�ñ�Ð�N Interference �
É�Ê  ^¨ ò�¶×Ö¦³��C�=����©«ã�N�ª���« î¦ï e��? 0¬ ¢ ³ £ E ¬  e�� �,®�¯B°$��°×�� �� º ¤¦¥ Ì 4 �
���»��%9&¸���(� ¡�¢�£
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pacing_threshold < avg_retry_new

Wait until critical time for transmission
o Just before transmitting RTS Frame (RTS/CTS enabled)
o Just before transmitting Data Frame (RTS/CTS disabled)

yes

Apply frame aggregation method
o Search suitable frames for frame aggregation in the queue. 
o Aggregate frames into single frame if finds suitable ones.
o Transmit frame according to the IEEE 802.11 definition.

Apply Extra backoff method 1
o Increase backoff with larger weight according to the

duration of aggregated frame.

Node starts to transmit frame

Receive ACK frame

Frames are aggregated

yes

yes

no

no

Node receives Data Frame

Frames are aggregated

Split aggregated frame into pieces
If the frame is destined for itself, it will be delivered to upper layer.
If the frame is not destined for itself, it will be passed to the queue.

yes

no

Go to Normal Operation of  IEEE 802.11 definition

Go to Normal Operation of  IEEE 802.11 definition

no

Apply Extra backoff method 2
o Increase backoff with smaller weight according to the

duration of aggregated frame.

Ì
4:
¬  e�� �B���»��%9&¸��� .

� � �� �

���	��
����
���
��	��
�� ���������������

�������������� �� � ���� �"!

(a) #%$'&)('* Interference

+ , -.

/10/10/10/1032
44 44 +655 557.98

/10/:0/10/:0<;>=;>=;>=;>=44 44 . 5555 , 8
/:0/:0/:0/:0@?
4444 , 55 55 - 8

A	BDCFEHGJIKEHGLEMBON	EMPP PP1Q<RQ<RQ<RQ<R

(b) #%$TS)&)('* Interference

Ì
3: Interference ����P

E ¬  e�� ¤Â¥ Frame Aggregation 8=(VUXW ��?¬g¥
Extra Backoff 8,(YUZW0A��¼æ½\[@]¾À»Á×³ £ Frame

Aggregation 8�(^U@W£���¶C¤¦¥Bà c ��S�T   Þ�³��
�=����à¦ä   ©�ã ¢ ³�Ò�¬=¶�¥^S�T3_��B�C�=����x  ` + ¢ ³«Ò�¬�±¦¶?ÖÂ³ £ Û¯�¦¥ Extra Backoff 8�(aU<W��Z¶�¤¸¥cb7�d
�dC�Zë�ì��  fehg�¢ ³�Ò«¬(¶�¥Z���(�
�¦�»¿ Q ë¸ì�í îZï  �]�_ Ë(¥pL�M�ñ¦Ð�N Interference

�¦É�Ê  ^¨ ò ¢ ³ £ °«Ø�¥AÒ�Áæ½��ji7k@lA¤¦¥�ª��7«î�ï   v�� Interference �¦É�Ê  ^¨ ò ¢ ³�Y¦��¶A²�³
��ö�¥ Interference ±¦É�ÊæËÂ°���Ó�KÂ°����¢���Z�'

�jm1nC��5C��´�µ�¶ Ñ ��³�¬b¥po×�=1��,2Z��3 î=4 ±5�6 ¢ ³�ñ¦ÐjqA±«²�³ £ Ó ¹=º ¥ Interference ±¸É«Ê ¢
³¯â�ã��»�7l?Ò�Áæ½��ji7k@l  =Ñ ��³�Ò�¬b± ¤�¥H¦ ¶
²�³ £�ß Ò¸¶ E e�� ¶�¤�¥ Interference ��ÉAÊ��,��ã
�   M×³�1>��y¦�BëB¬�Ë º ¥ MAC ¡R��Ø@r«³A���b�
���hs1t7u«¿ Ô x  =Ñ ��³ £

4.1 vxwxy{z}|�~}�Y�x�
Interference ��É�ÊC±,��� ¢ ³?¬�¥?���b���«�h��èx�±���� Ë=¥ IEEE 802.11 �ju«¿�Ï7[Æ��Ó?Ü¸�C�=���

±�u�¿?ÀbÁC³ Ô xA±=��� ¢ ³ £gß Ò=¶�¥ Interference �
É�Ê��,�Aã��   M×³�1>��y¦�BëB¬�Ë º ¥ MAC ¡R��Ø
r�³��C�=�����hs1t7u«¿ Ô x  =Ñ ��³ £ s1t7u«¿ Ô x
avg retrynew ¤¦¥ � (1) ¶:�nb�³ £
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avg retrynew =
α

α + β
avg retry +

β

α + β
retry (1)

Ò�Òb¶�¥ avg retry ¤Â¥\u�¿ Ô x���� Q����   vqKZÛ
¶���� Q À�Á���s>tjuZ¿ Ô x�¶«²BÜ�¥ retry ¤¸¥ 1 �«�*�
�   ¿ Q Ë º ¼�½��Â�
	���� ACK ���(���   �Zr�C³
Ûb¶�� u�¿���� î ëÂ����¶�²«³ £ °�Ø¦¥ α ¥ β ¤Z¥£���
s t��=B7l¦¶«²�³ £ Ò=�>s thu¦¿ Ô x avg retrynew ¤¸¥
1 �������Z�Â¿��A±�]�� ¢ ³Â¼Z¥(Ûb��¤¸¥ retry ± IEEE

802.11 � º���� À=Á º ��³��
�>u�¿ Ô x (RetryLimit) �� b¦��X����
� ¢ ³ £

4.2 Frame Aggregation �! #"%$'&)(
Frame Aggregation 8d(3U<W	��»¶�¤¸¥ ��
 4 � ;��R¯±�à c �A�������   ¿��+*-,���¼�½/.10 ¢ ³ £ ��
 4�<;7�$R¸±«à c �C���g����±�2� �¼ ¹ �¸â�ãA¤Z¥ MTU

�-�'����ì�  43 b»°»�$i�j1_Â¶5�1� fa pkt count 6
�������«�   ©�ã ¢ ³ £ °�Ø¦¥ fa pkt count ¤Z¥-7
89 ± ]�_ ñ�ÐB°�1n��yZ��ëÂ¶A²�³ £dc�e ¥$©�ãæË��C�
�=���   ���ðË��»§�¨�©«ª?¤¦¥��C�=���   ��@TË=¥�:
©«ª';A�B�C�=�����¦â�ã���¤�U�<�¡>=�¿ Ü�¥@?�©«ª';
�B�C�=����¤¦¥Z¿
�A*B,Z�1=�¿�³ £
°«Ø�¥ 1  «�B�C�=���   ¿
� ¢ ³�X��»¥<s1t7u«¿ Ôx avg retrynew ±«¥'C�� pacing threshold

 @3 b��
â«ã��1l�¥ E Frame Aggregation 8$(�U W���  �Ñ �º ���g���$©�ã   vgK £ED5FH¦ ° pacing threshold �
��¤¦¥ � (2) ¶:�nb�³ £

pacing threshold =
1

RetryLimit
retry count (2)

Ò¦Ò=¶�¥ retry count ¤¸¥ Freme Aggregation 8�(3U
W?¦�  HG�Ñ�¢ ³¯¼   A �¦¢ ³l1H�$y���ëÂ²BÜ�¥ [0,Ret-

ryLimit] ��i'j¦���   ¬Â³ £�I b�JZ¥�s:t:u�¿ Ô xC±
RetryLimit ��K�LæË�¥«�A�g�«��±>��èÆËb��á�u«¶ In-

terference ±»É�Ê¾Ë=��2C° ¢ â�ã?��¤Z¥ retry count =

RetryLimit ¬6�nbB½�ÁB³ £
Ûb�Z¥%s tju�¿ Ô x avg retrynew ±Z¥HCE� pacing t-

hreshold
 �3 b º ��°Z�Zâ«ã?��¤Z¥ IEEE 802.11 ��MN Ë��C�C�=�����¦¿ Q   v K £

4.3 Extra Backoff �O #"P$'&)(
U1QC� Frame Aggregation 8�( U W^�����Ó ¹Âº ¥

�C�=����©�ã   v K�Ò�¬=¶�S�T9V¦���C�����$x   +T½
Ëb¥ Interference ��É�Ê  0¨ ò ¢ ³CÒA¬¯±�¶RÖ�³ £ Ë
¼RË¯°�±Æ½�¥�R��?°A�C�=����©�ãA±�v7w�ÁB³�Ò�¬»��Ó
Ü�¥B�B�¯��� g ±���� Ë¯¥ Interference ��Ó�³A�B�¯�
���j��è�S>TA±
UWVb°ÆÜ�¥$1��,2Z��3 î=4 ±$5H6 ¢ ³
Ò�¬�±�X1Y×À¸ÁB³ £

Z\[][_^ `ba

c_d egfihkjml hnhkl opfmd epfiqsr
t fvu rpd w rgd rgfixnryd egfiqsrz|{\}g~_{\�\�� {_�s{\� ��{\� z�{�}g~]{_���� {]�p{\� �g{\�

Ì
5: «�í-,B�=�7«O� î ¶ Ñ ��� Chain �������

ß Ò=¶�¥ E e,� ¶�¤Â¥^3$(�%,;���RgÞ5��á���L$M�ñ»ÐN Interference
  a1�æË�¥ � (3) � ¡�¢ Ó7K-�Â¥ IEEE

802.11 ¶ �1� À¯Á�� b9��
 d���ëÂì«���0�nb º ¥�©�ã
Ë��C�C�=��� g ���+�  �� ��Ëb�jb��,
 d?��ë»ì«�  � � ¢ ³ £ Ò�Á���Ó?Ü#¥�S�TnV¦�B�C�=����x . ¿
�Æë
ìÆí î�ï  ^]�_ Ë=¥�L�M�ñ�Ð�N Interference �¦É�Ê  ¨ ò ¢ ³�Ò�¬�±�¶×Ö¦³ £

backofftime = rand backoff + random(0,

extra backoff ∗ tx time(pbk pkt)) (3)

Ò«Ò¯¶�¥ rand backoff ¤ IEEE 802.11 ¶ ��� À¸Á º� ³ Random Backoff 8�(^U@W£�����Ó ¹¸º � Q À¸Á
³�b7�d
�dC�Zë�ì��»¶�²�³ £ Û��»¥ tx time(pgk pkt) ¤¸¥
Frame Aggregation 8�(^U@W£�����Ó?Ü�¥$©�ã�À¸ÁA�
���g���   ¿5� ¢ ³»�¦ö>����CR¬�°�³b¿���á��¶�²RÜ�¥
extra backoff ratio ¤ ß �¸¿5��á�B�£I ¢ ³�b7�d
�dC�
ë¯ì�������T�¶�²«³ £ Û¯�Z¥ random(a, b) ¤Â¥ (a, b) �cE�'� x   É�Ê�À��?³���x�¶�²�³ £���� ¥ IEEE 802.11

� b��0
�d��»ë�ì¦�»��� Q�� � · � ¥ (0, extra backoff ∗

tx time(pbk pkt)) ��i�j«¼¾½�� î1  ��°-�  �¡�¢ Ëb¥
rand backoff � � � ¢ ³ £

5 Performance Evaluation¬  e�� ��£ ¤ q   SB¤ ¢ ³���ö�¥��9�q���»��
�«
í�,��g��ë ns-2[6]

 gÑ � �E8��¦Ï9«�í�,�����«+� î �
Ó�³�q«Ð1¥�¦   v¢K £ Û�§�¥ ¬  e��?  ns-2 U¨��©
ª
Ë=¥ CBR ���«��{ �,
   ¿
�ðË���X«�«¥ IEEE 802.11

Ø�Ó�Ù ¬  e��Æ �Ñ � ��X�� 4 (C��R��¢�   8�M Ë�¥¬  e�� � q�Ð   ¥
¦ ¢ ³ £

5.1 «¬)®°¯B±²«%³!´+µ·¶
§�¨ W î 
»�5¸�¹   1[Mbps] ¥ Transmission Range 
250[m] ¥ Interference Range

 
550[m] ¬�Ë�¥ omni-

directional 8 î�º5»  (Ñ �1¼ £ Û ¼ ¥�« 4�º ��1���y¯�
ë×¬CË º ¥ slot time

 
20[µsec] ¥ SIFS

 
10[µsec] ¥

DIFS
 

20[µsec] ¥¾½�¿�À e á�   2 µsec, RTS-Thres-

hold
 

0 bytes ¬\�9b ¼ £ Û ¼ ¥	(«� º { îZï R��¢��h(�¤»¥ AODV(Ad hoc OndemandDistance Vector) [7] =Ñ �>¼ £
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6: Throughput comparison of various extra backoff ratio,

with pacing threshold value set at 0.0 in one-way chain topol-
ogy.

«Æí-,B�¸�9«O� î ¶ Ñ �¨¼ �H�n�'�C¤«¥ Ì 5 � ¡¢ ÓHK5�»¥ 10 6��¦©«ª   200[m]  � ¶ c�� �����?À
Á ¼ Chain �H�9�'�×¬�Ë¯¥ 1 ;9��R	�VÛÂ¶���©�ª×¤�¥
Transmission Range _��
���BÀ¯Á«¥ 2 ;���R����Z§�¨
©«ª?¤¦¥ Interference Range _>�����?À¸Á º � ³ £

CBR(Constant Bit Rate) ���	���${ ��
���l���gì
ë¯�   7�� ¢ ³�Ò�¬�¶�¥'� ���${ ��
   Ê ] ¢ ³ £ Ê ]
À=ÁA³ CBR �	����{<�l
¯��1������ ��ì�«¤ 512[byte]

¬�Ë=¥ ������{ ��

����Æ�=ì�ë»�«�¦¿
�ð�=��������  
Offered Load ¬6�nb�³ £ Ò¸� CBR ������{?��


��l���gìAë¯�  �Ñ � º ¥ 2 ��P���« » WTd  �Ñ � º Ð
¥�¦   v ¹ ¼ £ « » W'd 1 ¶�¤¸¥ Chain �������Â�����
©A�¸¥ CBR �����,{p��
���$�R��ìAëÂ�   ���ÆË�� e� � ����{ �$
   É�Ê�À���³ £ « » W\d 2 ¶�¤Â¥ Chain� �7�5�»������©�� CBR � ����{ �=
5��d���gìAë¯�  ���VË=¥�� e � ������{ ��
   É�Ê?À��R³ £c�Ô ��«?í�,A����«�� î á«�¤ 300 �æ¬«Ë�¥ 30 �A¼
½ 270 �æÛ¯¶�� 240 �B«�jq�Ð   8�M ¢ ³�Y��Æ¬�Ëb¥
100

Ô	� v �hs1t1�"!�¥
¦ � Ñ �>¼�#

5.2 $&%('*)¬ ,+ ³��.-0/�1�©�ã�N7ª�/7« î�ï e�� �>q�Ð1¥
¦
!�vqK ¼ ö�2 ¬  e�� �,1'�,y3/Aë extra backoff ratio

ØAÓZÙ pacing threshold !�7 � Ë ¼ X�� Offered Load

�lI + ³ End-To-End � 4 (�/HR��g�4!@8�MæË ¼�# Ò
Ò=¶�2 t �,5���5>� CBR z�/�ë�!��5� Ë ¼ 6 � � x,�
� � ! Ui ¶1�>b«³8792 End-To-End � 4 (,/9R��¢�
Thend : 2

Thend =

∑
N

i=1
Ui

t
(4)

73;�³ #

5.2.1 <�= >@?BA�C�DFE�G�H�I�J�K9L�M�N�O
« » W6d 1 ��Ø r�P extra backoff ratio � 4 (,/�R�q�¾=���Q�RS!�T�U + P ¼�V 2 pacing threshold ! 0.0
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7: Throughput comparison of various pacing threshold, with

extra backoff ratio value set at 0.5 in one-way chain topology.

7@7 �XW 2 extra backoff ratio ���Y!3Z�[S\�� ¼ X��
Offered Load �0I + P End-To-End � 4�] /HR�^`_4!a

6 �	b + # Offered Load c�d �,e � : 2�f�gh_ji��kl^�m	c9d ��¼�V 2 Interference c	nSoqp�r W ; ��¼V 2	s,t���u�v���w ] /yx�^"_Bc,z�{�|`}���;�~3t �
P # Offered Load c
UWV
;�P�������t�2 Intereference

c	���A�
p�r + P��,����;��F2 IEEE 802.11 ��w ] /
x�^�_�c3d,� W t � P # extra backoff ratio ��� c 0.0,

1.5, 1.0, 0.5 ����/ �y����u�v�!
��� + P87�2�w ] /
x�^�_�c���� � ��� W t � P # Extra Backoff ���,�
c����!��;�P extra backoff ratio �5�yc 0.0 � e � : 2��/,�.����u�v : 2�w ] /yx�^S_Bc,z879�`o���� W t� ; ��#�� � : 2 Extra Backoff c3��� \
�,; �8� 7E�
��~	t�2�R�¡.�¢_�i���k�^�m�c�£�f + P ¼�V�¤ ¥ Py7¦`§.¨ �yP #�©E¼ 2 extra backoff ratio ��ª.c 0.5 � e
� : 2�«`¬� ��® ��������¯8c�° ¨ � 2 IEEE 802.11

74��� W 2�w ] /.x�^�_lc 98% ��� W t�±.P #.� � ¨
��²�¯S� ��2.�.-0/�1�²�³�u�v`!0��¯.´yµ0����\0¶�P· V µ : 2�¸�¹�\3� · Extra Backoff c�º�» c ¥ P �
7q¼�½�\3� · #a

6 µ�b + ����µ
��/����3��u�v : 2 extra backoff r-

atio ��ªyc 0.5 � e 2�« ¬3��¯.´yµ0��� W t�± · #,¾�	¤ 2 extra backoff ratio ��ªY! 0.5 µ3¿ À W	· e µ
pacing threshold ��ªÁ!9Z,[�\�¶ ·�Â ��w ] / x�^�_Ã ��Q�RS!�T�U + P # a 7 µ pacing threshold ��ª"!
Z�[S\�¶ · e � End-To-End ��w ] / x�^�_
!�b + #
� /8�`����u,v : 2 IEEE 802.11 �S�3¬�,±.w ] /
x�^S_�!
Ä�Å W t�±yP � 7�c�T,Æ P�Ç0È�µ�2 É.-0/�1
²�³�Ê
Ë`µ���� + P pacing threshold Ì�ªyc 0.0 Ì e�Í
w ]�Î x�^S_Bc�Ï�Ð µ���� W t ÑS� Í�Ò�Ó ´,Ô É.Õ ÎÖ ²�³�Ê0×Y� �,Ø µ���~9t Í w ]�Î x�^"_Bc���¯.´yµ
����Ù8Ú �,Ø Ê0b W t�±yÚ�Ç� � ¨ Ì�²�¯���� Í Interference Ì�Û,Ü c����`´�Ý
±�Þ�³`µ�ß Í É.Õ Î Ö Ì�²�³�Ê�à��8Ô�á"�âÄ�ã,ÙyÚ �Ø c	ä © W ± ��Ø c3¼�½`\�� · Ç © · Í Extra Backoff

Ì��,�yc�����µ�Ô,Ú �.��µ extra backoff ratio Ì�ª�Ê
0.0 µ�Ù.Ú ØjÍ � Î �����9u�v,ß Í Ï�Ð.µ3w ]�Î x�^`_
c	d ��Ù8Ú �,Ø Æ ¨ Í9å À W�· w ]�Î x�^S_�Ê
Ä�Å�Ù
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8: Throughput comparison of various extra backoff ratio,

with pacing threshold value set at 0.0 in two-way chain topol-
ogy.
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9: Throughput comparison of various pacing threshold, with

extra backoff ratio value set at 0.0 in two-way chain topology.

Ú · V µ�ß Í Extra Backoff Ê
� � µ3� ±8Ú � Ø c�º� ¤ ¥ Ú �,Ø ¬�¼�½�\3� · Ç

5.2.2 �����	��
���������������������
� �"!$# 1

Ø ��� W ����µ Interference c�p�r�Ù8Ú
���%!&# 2 µ�Ñ�'�Ú extra backoff ratio Ì�w ],Î x�^
_ Ã Ì	Û�Ü�Ì�(�U�Ê�×.~ · Ç ©&)�Í pacing threshold Ê
0.0
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10: Throughput comparison of various pacing threshold,

with extra backoff ratio value set at 0.5 in two-way chain topol-
ogy.
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