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

Multipath R o utin g  – A  C r o s s -L ay e r  D e s ig n  T o o l 
f o r  Q o S P r o v is io n in g  in  MA N E T s

Cross-L a y e r D e si g n  W ork sh op ,  N a v a l  R e se a rc h  
L a b ora t ory ,  W a sh i n g t on  D C,  J u n e  2 ,  2 0 0 4

Z y g m u n t J .  H a a s  a n d   E d w a rd  Y .  H u a
Wireless Networks Laboratory

E l e c t ri c a l  &  Com p u t e r E n g i n e e ri n g
Corn e l l  U n i v e rsi t y
I t h a c a ,  N Y  1 4 8 5 3

{h a a s,  e y h 5 } @ e c e . c orn e l l . e d u
h t t p : / / w n l . e c e . c orn e l l . e d u

APPROVED FOR PUBLIC RELEASE



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
01 DEC 2007 

2. REPORT TYPE 
N/A 

3. DATES COVERED 
    

4. TITLE AND SUBTITLE 
Multipath Routing - A Cross-Layer Design Tool for QoS Provisioning in 
MANETs 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Cornell University Ithaca, NY 14853 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release, distribution unlimited. 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

UU 

18. NUMBER
OF PAGES 

21 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



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

Quality-o f -S e r v ic e  in  M A N E T

The goal i s t o su p p ort  re a l -t i m e  ( i n t e ra c t i v e ) 
a p p l i c a t i on s i n  m ob i l e  a d  h oc  n e t w ork s w i t h� �� �� �� �� � 	
 � � � � 
� 	� 
 �� � � �

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


� � 	� � 
 �� � �� �

W hy  t hi s  i s  a n ew  p r ob lem ?  ( i . e. ,  Q oS i n  M A N E T  v s.  
Q oS i n  i n f ra st ru c t u re -b a se d  w i re l e ss n e t w ork s)�� �� �� �� � � � 
 � ��� �� � � �� � 	

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

�� �  � � � � 
� � � �� � �� � �� � � 
� �� ! � � � ! �� � 
 �� � � � � � �� � �� � ��

APPROVED FOR PUBLIC RELEASE



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

E f f e c ts  o f  M o b ility in  M A N E T

N egat i v e i m p ac t�� � ��� �� �  � � � � 
� � � � � �� 
 � � 	 �� � �� 	 �� � � � � �� � �� �� � � � � ��

�� �� � �� � � � � ��

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

�� � � � �� � 	 
� � � � �� �� �� �� �� �� ��� � �
P os i t i v e i m p ac t� 
 � � �� � � �� � � �� � � � � � � � � 
 � � � �� 	� � �� �� �  � � � � �� � ��

� � 	 �� � � � � � �

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

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

APPROVED FOR PUBLIC RELEASE



�� � ��� �� � 	
 � � 
 � �� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � �
M ultip ath R o utin g  in  M A N E T

M u ltip ath R ou tin g i s on e  c a n d i d a t e  f or Q oSp rov i si on i n g  i n  M A N E T
I t  i s i m p l e m e n t e d  t h rou g h  t h e  D i v e rsi t y -Cod i n g   ( D C)� ��� �� �� �	 
 � �� 
� � �� � � � ��� � � �� � �� � � � 
 �� � �� �� � � �� 
 �� �� 	�� � � � � � �! " � �!# � 
 � � �! � �# $! � %! � �& ! � � � � � � 
� ' ' � " " " �� �� � �
 � ( �� ! �! � � ) 
* * �� & 
 �� +� � 
,� -� � �� � � � � ./ /0 1

M u ltip ath R ou tin g  c an  su p p ort  n u m e rou s Q oSf e a t u re s;  f or e x a m p l e :

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

� � � � � � � � � � ��� �

� �� �� � � 	 	 � � � �� ��� � �� � �� � � �� � � � �� �� � 	 �� � � � � !� � ���2 �� � 	 � � � �� � �� � �� 	3 � �� � 
� �4 �

APPROVED FOR PUBLIC RELEASE



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

P r in c ip le  o f  M -f o r -N  D iv e r s ity C o d in g  

�� �� �� � � �	 
	 �� 
 � � ��

[ ]blocksN
w

X = [ ]blocksM
w

Y =

� �� �� �� �� �� �� � �� � �� ��

�

�� �� �� � � �	 
	

�� �
� �

�! �
�" �

APPROVED FOR PUBLIC RELEASE



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

D iv e r s ity C o d in g  b as e d  M ultip ath R o utin g
F e a t u re  of  D iv ersity C od in g ( D C)

� L os s  t oler an c e: D C a l l ow s som e  b l oc k  l oss d u ri n g  t ra n sm i ssi on  ( u p  t o M  b l oc k s i n  N: M  D iv ersity C od in g )
� D at a r e-c on s t r u c t i on : D C a l l ow s t o f u l l y  re -c on st ru c t  ori g i n a l  d a t a  a t  t h e  d e st i n a t i on
� B loc k  D es i gn  O b j ec t i v e: t o m a x i m i z e  t h e  p rob a b i l i t y  t h a t  t h e  ori g i n a l  d a t a  i s f u l l y  re -c on st ru c t e d  a t  t h e  d e st i n a t i on ,  P � �� �

� P at h s elec t i on : t o se l e c t  t h e  m ost  re l i a b l e  p a t h s t h a t  a c h i e v e  t h e  a b ov e  ob j e c t i v e
� P ac k et  alloc at i on : t o a l l oc a t e  m ore  p a c k e t s on  m ore  re l i a b l e  p a t h s ( i . e . ,  n on -u n i f orm  p a c k e t  a l l oc a t i on )

APPROVED FOR PUBLIC RELEASE



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

D C -b as e d  Multipath v s .  S in g le -path R o utin g
( I n d e pe n d e n t P aths )

� � �� 2 � �� � �� 	� �� � �� � 
 � �� � � �� � � �� 	 �� 	 	� � � � � �� � � � 2 � �� �

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

� � 	 � �� 
 � � �� � �� � �! 	 � � � �" �
 � �

APPROVED FOR PUBLIC RELEASE



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

D C -b as e d  Multipath v s .  S in g le -path R o utin g
( C o r r e late d  P aths )

� � �� 2 � �� � �� 	� �� � �� � 
 � �� � � �� � � �� 	 �� 	 	� � � � � �� � � � 2 � �� �

�� � �� 	 �� � �� � �� � � � � 	� �� � � � �� � � � � 
 � � �� � � � � !� � � � � �

� � � �� �� � � � � � � �� � �

APPROVED FOR PUBLIC RELEASE



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

U s e  o f  Multipath R o utin g  an d  D C  f o r  S e c ur e  
Me s s ag e  T r an s m is s io n  in  A d  H o c  N e tw o r k s

S u p p ort i n g  se c u ri t y  i n  a d  h oc  n e t w ork s i s a  m a j or 
c h a l l e n g e ,  d u e  t o:

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

�� �  � � � �� � �� ��� � � � � � !� � �� � �� � � �� � � � � �� 	 �� � � 
� ��

M u l t i p a t h R ou t i n g  w i t h  D C i s u se d  t o su p p ort  se c u ri t y  b y :

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

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

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

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

� 	 �� � � � �� � �� � �� � � � !� � �� � � 	 � � �� ��

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

� �� �� � � 


APPROVED FOR PUBLIC RELEASE



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

T r an s m is s io n  o f  a Me s s ag e  w ith S M T

Time

Source

Destination

Dispersed
Message

Dispersed
ACK

Re-transmit

ACK

timer timer

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

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

APPROVED FOR PUBLIC RELEASE



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

I m ple m e n tatio n  o f  S M T

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


 � 
 � � 	 
 �� � � �� � � � � � � � �� � �	 � ��� � �� � � � ��� � �� � � ! "# $

% � ! �  &'

()+* ), -, ./0 /12 , 13 4, 5 .6 * 7* 8, , 4:9 ;<= >?2 / 5@ A3 B / C= D . 83 > E= 1 F3 2 G 4 9 ;H IJ KLM NOP P QP RS N KP T U VW J XJY Y ZJ [\ P W QY:] ^_ ^ )2 = 4 4 `a ab c

�d e � �f � � � �	 � 	 � 
 � � � � 
 �hg � �g � 
 � 	 �
� � � � �� 	 	 �
 �� � � �
 �
 �


 � � � � �� � 
 � � � � � � �� � � 	 �
� � � � �� 	 	 
 � '�d e 	 �
� � �	 � � � 
 � � �� 
 � 
 � � � �
 � � � �� � � � 
 � � � � �� i � �� 
 �

� �j g � � �� � �� �� � � � � � �� �

�d e 	 � �j 	 � �	 � � � �
 
 � � �� 	 � � 
 � � � 
 � 
 � ��� 
 � � �
 � �k �l � 
 � � 
 �

� � � �� 	 � � � �	

�d e � � 
 � �� � �	 �
 � � � � � � �� � � �m 
 �	 	 � � � 
 � �j �� n �� � � � �� �

APPROVED FOR PUBLIC RELEASE



�� � ��� �� � 	
 � � 
 � �� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � �
SMT Performance Evaluation (I)

< A�  !< " < A� F/1 #, !/ 5 G < 1 , 1 = )2 3 13 >3 C

$%& & '( % )% *+, %- . /- '0 1+2 3 $%& & '( % )% * ' .

APPROVED FOR PUBLIC RELEASE



�� � ��� �� � 	
 � � 
 � �� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � �
SMT Performance Evaluation (II)

< A�  _ _ � " < A � F/1 # <= >?2 = _ 3 ? 1 / 5@ )2 3 13 >3 C

A= 4 4, @= �= C /� = 2 � �2 , >1 /3 5 A= 4 4, @= �= C, �

APPROVED FOR PUBLIC RELEASE



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

A naly z ing  D C :  U nd ers tand ing  Path  L ifetime in 
M A N ET

The first step in analyzing DC is the study of path lifetime
L ifetime Y of a L-hop path eq uals to the lifetime of the 
shortest-liv ed of all c onstituent link s X � on the path

Diffic ult to model analytic ally the lifetime of a ( multi-hop)  
path in the M A N E T w ith realistic  assumptionsA3 41 41 ? . �3 � -, 1 # C / �= 1 /0 = .3 5= / 5 4 /0 ? C, 1 /3 5 4

S ome ob serv ationsE3 .= 43 5, -, 1 #= � # / B /1 >3 2 2 = C, 1 /3 51 #, 1 >3 0 -2 3 0 / 4= 4 -, 1 # C / �= 1 /0 =

� # / 4 >3 2 2 = C, 1 /3 5 / 4 -2 3 -3 2 1 /3 5, C13 1 #= � ? > C / ./, 5 . / 41 , 5 >= B= 1 F= = 5

1 F3 5= / @ # B3 2 / 5@ 53 .= 4

�2 = , 1 = 2 � ? > C / ./, 5 ./ 41 , 5 >= 4 G= F 4 ) � �13 F, 2 . 41 � a ( 4= > c

( )LXXXY ,...,,min 21=

APPROVED FOR PUBLIC RELEASE



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

A naly z ing  Path  L ifetime:  th e tw o-nod e link  mod el

!/ 5 G !/ �= 1 /0 = " 1 #= .?2 , 1 /3 53 �1 /0 = �3 2 1 #= B C ?= 53 .= 1312 , � = 2 4= �2 3 0 )3 / 51 D 13 )3 / 51 � 9 F/1 # / 51 #= 12 , 5 40 / 4 4 /3 52 , 5@= 3 �1 #= 2 = . 53 .=

1

B

A

III

III IV

2

APPROVED FOR PUBLIC RELEASE



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

A naly z ing  Path  L ifetime:  T h e p d f of s ing le-h op  
p ath  lifetime

D 4 4 ? 0 = . >3  .= -= 5 .= 5 >= B= 1 F= = 5 . /2 = >1 /3 5, 5 .0 , @ 5 /1 ? .= 3 �, 53 .=

� = C3 >/1 �

D 5, C �1 / >, C � N R / 4 / 5, > C3 4= .  �3 2 0 = � -2 = 4 4 /3 5

D 5, C �1 / >, C, 5 . 41 , 1 / 41 / >, C ) � �3 �, 4 / 5 @ C=  #3 - -, 1 # C / �= 1 /0 =

APPROVED FOR PUBLIC RELEASE



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

S tatis tical p d f of M ulti-h op  Path  L ifetime w ith  
R es p ect to D is tance b etw een N od es

E3 1 = " #3 - 43 �

1 #= -, 1 #

, 4 4 ? 0 = .13 B=

= �? / . / 41 , 51

APPROVED FOR PUBLIC RELEASE



�� � ��� �� � 	
 � � 
 � �� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � �
S ummary

�� �� ��� � �	 
 � � �� � 
 �	 ��� �� �� � � �� � � � � � �� ��� � �� � 
  �� � 
 � � � �!� � " ��# " $%& ' '( )* + , % ' - , $ .* / 0 ' - � � " � " 1 1 � � �� # 2 3 3� � �

4 2 5�� � 2# 6 2 " 1 � �78 � 98 :�� ; � !� 9� " � 2� �# � 4 " < � � ! 4 � � �� � =# >

? 4 3 "� � � ! 2 1 "� @ � � � �	 A � �# ! � � 5� " 1 1 � �# �� # 2 3 3� � � � � � � 1 7

� � 1 � " B 1 � !� 5 5 2 4 � ! " � � � 4 � 4 ; �� � 4 5� 4 � @# 2 � � " B 1 � 9� � � 4 ��� " ! � � ;�

� � " 18 � � 5 � !� 5 5 2 4 � ! " � � � 4 " !� � # # " � � � � 1 7 2 4� � 1 � " B 1 � " < � � !

4 � � �� � = >

C# " 4 � � � �� � D " 5 3 1 � @ � � � �	 A � �# ! � � 5� ! " 4# 2 3 3� � �# � ! 2� �

!� 5 5 2 4 � ! " � � � 4 � 4 ; �� � 4 5� 4 � >

E� � 5 " D � 5 2 5 B� 4 � 9 � � @ � � � �	 A � �# ! � � 5� � � F 2 �� �# !� � # # 81 "7 �� # � 4 ��� " ! � � � 4 B� � �� � 4 � � � G C H 1 "7 �� @ � � � 4 � � �� � = � 4 �

1 "7 �� @ � � � �� " 4# 3� � � 1 "7 �� @ " 4 < � � � " 3 3 1 � ! " � � � 4 1 "7 � � >

I� "� � ! 2� � � 4 � 1 7 � ; " 1 2 " � � 4 � � � � 5 � < � 1 � 9 � � � �� �� ��� � �

	 
 � � �� � A � �� ��� � �� � 
  �� �# ! � � 5� @ B� � � " 4 " 1 7 � � ! " 1 1 7 " 4 <

� �� � 2 � �# � 5 2 1 " � � � 4# >

APPROVED FOR PUBLIC RELEASE



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

References on Cross-L a y er D esi g n

�

A.Tsir igos, Z.J. Haas, and S. Tabr izi, " Multipath Routing in Mobile Ad Hoc Networks or  How 
to Route in the Presence of Topological Changes," IEEE MILCOM'2001, Tysons Corner ,VA, 
October  28-31, 2001

�

P.Papadimitratos and Z.J. Haas, " Secure Routing for  Mobile Ad Hoc Networks," SCS
Communication Networks and Distributed Systems Modeling and Simulation Conference (CNDS 
2002), San Antonio, TX, January 27-31, 2002.

�

Z. Wang, R.J. Thomas, and Z.J. Haas," Bluenet - a New Scatternet Formation Scheme,"  35th 
Hawaii International Conference on System Science (HICSS-35), Big Island, Hawaii, January 7-
10, 2002

�

Z.J. Haas, J.Y. Halpern, and L . L i, " Gossip-based Ad Hoc Routing," IEEE INFOCOM 2002,
New York, NY, June 23-27, 2002

�

P. Papadimitratos, Z.J. Haas, and E.G. Sirer , " Path Set Selection in Mobile Ad Hoc Networks,"  
ACM Mobihoc 2002, Lausanne, Switzer land, June 9-11, 2002

�

P. Papadimitratos and Z.J. Haas, " Secure Routing for  Mobile Ad Hoc Networks,"  Working 
Session on Secur ity in Wireless Ad Hoc Networks, EPFL, June 12, 2002 (published in Mobile 
Computing and Communications Review, vol.6, no.4 )

�

J. L i, Z.J. Haas, and M. Sheng, " Capacity Evaluation of Multi-Channel Multi-Hop Ad Hoc 
Networks," IEEE International Conference on Personal Communications (ICPWC 2002), New 
Delhi, India, December  15-18 2002

�

P. Papadimitratos and Z.J. Haas, " Per formance Evaluation of Secure Routing for  Mobile Ad 
Hoc Networks,"  poster  presentation, ACM Workshop on Wireless Security (WiSe), Atlanta, GA, 
September  28, 2002

�

P. Samar and Z.J. Haas, " Strategies for  Broadcasting Updates by Proactive Routing Protocols in 
Mobile Ad Hoc Networks,"  IEEE MILCOM 2002, Anaheim, CA, October  7-10, 2002

APPROVED FOR PUBLIC RELEASE



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

References on Cross-L a y er D esi g n ( con’t)

�

P. Papadimitratos and Z.J. Haas, " Secur ing Mobile Ad Hoc Networks," The Handbook of Ad 
Hoc Wireless Networks, CRC Press 2003

�

P. Samar , M .R. Pear lman, and Z.J. Haas, " Hybr id Routing: The Pursuit of an Adaptable and 
Scalable Routing Framework for  Ad Hoc Networks," The Handbook of Ad Hoc Wireless 
Networks, CRC Press 2003

�

P. Papadimitratos and Z.J. Haas, ``Secure L ink State for  Mobile Ad Hoc Networks,' '  IEEE 
Workshop on Security and Assurance in Ad hoc Networks, in conjunction with the 2003 
International Symposium on Applications and the Internet, Orlando, FL, January 28, 2003

�

M.R. Pear lman, J. Deng, B. L iang, Z.J. Haas, ``Elective Par ticipation in Ad Hoc Networks Based 
on Energy Consumption,' '  IEEE GLOBECOM 2002, Taipei, Taiwan, November  17-21, 2002

�

B. L iang and Z.J. Haas, ``Optimizing Route-Cache L ifetime in Ad Hoc Networks,' '  IEEE 
INFOCOM 2003, San Francisco, CA, March 30-Apr il 3, 2003

�

J. L i, Z.J. Haas, and B. L iang, ``Per formance Analysis of Random Database Group Scheme for  
Mobility Management in Ad hoc Network,' '  IEEE International Conference on Communications 
(ICC) 2003, Anchorage, Alaska, May 11-15, 2003

�

J. L i, Z.J. Haas, M. Sheng, and Y. Chen, ``Per formance Evaluation of Modified IEEE 802.11 
MAC for  Multi-Channel Multi-hop Ad Hoc Network,' 'Advanced Information Networking and 
Applications (AINA) conference, Xidian University, Xian, China, March 27-29, 2003

�

P. Papadimitratos and Z.J. Haas, " Secure L ink State Routing for  Mobile Ad Hoc 
Networks," IEEE Workshop on Security and Assurance in Ad hoc Networks, in conjunction with 
the 2003 International Symposium on Applications and the Internet, Orlando, FL, January 28, 
2003

�

V. Ramasubramanian, Z.J. Haas, and E.G. Sirer , ``SHARP: A Hybr id Adaptive Routing 
Protocol for  Mobile Ad Hoc,' ' in Proceedings of the ACM MobiHoc 2003 conference, Annapolis, 
Maryland, June 1-3, 2003

APPROVED FOR PUBLIC RELEASE



�� � ��� �� � 	
 � � 
 � �� � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � �
References on Cross-L a y er D esi g n ( con’t)

�

J. L i, Z.J. Haas, and M. Sheng, ``Capacity Evaluation of Multi-Channel Wireless Ad Hoc 
Networks,' ' Journal of Electronics (China), vol.20, no.5, September  2003, pp.344-352

�

Sajama and Z.J. Haas, ``I ndependent-Tree Ad Hoc Multicast Routing (ITAMAR),' 'ACM 
MONET j ournal, special issue on Ad Hoc Networks, vol. 8, no. 5, October  2003, pp. 551-556

�

P. Papadimitratos and Z.J. Haas, ``Secure Message Transmission in Mobile Ad Hoc Networks,' '  
Elsevier Ad Hoc Networks Journal, vol. 1, no. 1, Jan/Feb/March 2003

�

J. L i, Z.J. Haas, M. Sheng, and Y. Chen ``Per formance Evaluation of Modified IEEE 802.11 
MAC for  Multi-channel Multi-hop ad hoc networks,' ' Journal of Interconnection Networks, 
vol.4, no.3, 2003, pp.45-359

�

P. Papadimitratos and Z.J. Haas, ``Secure Data Transmission in Mobile Ad Hoc Networks,' '  
ACM Workshop on Wireless Security (WiSe 2003),San Diego, CA, September  19, 2003

�

A. Tsir igos and Z.J. Haas, ``Analysis of Multipath Routing - Par t I : The Effect on the Packet 
Delivery Ratio,' '  IEEE Transactions on Wireless Communications,vol. 3, no. 1, pp. 138-146, 
January 2004

�

J. Cho and Z.J. Haas, ``Impact of Concurrent Transmissions on Downstream Throughput in 
Multi-hop Cellular  Networks,' '  IEEE ICC 2004, Par is, France, June 20-24, 2004

APPROVED FOR PUBLIC RELEASE


