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ABSTRACT	

Network	on	chip	is	an	emerging	concept	for	communication	within	large	VLSI	systems	implemented	on	a	single	silicon	chip.	
Routing	is	an	important	parameter.	The	routing	algorithm	should	be	implemented	by	simple	logic	and	number	of	data	buffers	
should	be	minimal.	So	 selection	of	routing	algorithm	 is	critical.	 I	am	going	 to	propose	an	adaptive	 routing	 technique	 that	
increases	 the	 effectiveness	 of	 routing	 path	 selection	 based	 on	 channel	 based	 information	 and	 switch	 based	 information	
simultaneously.	 Existing	 adaptive	 schemes	 uses	 only	 channel	 based	 information	 for	 traffic	monitoring	 and	 routing	 path	
selection,	 but	 channel	 based	 information	 alone	 is	 not	 sufficient	 to	 predict	 path	 congestion	 accurately.	 So,	 I	 am	 going	 to	
remodel	the	path	congestion	information	to	show	covert	spatial	congestion	information	considering	all	the	latencies	such	as	
router	 latency,	 buffer	 latency,	 packet	 latency	 etc.	 by	 employing	 path	 congestion	 aware	 adaptive	 routing	 strategy	 and	
contention	prediction	 scheme	 for	path	congestion	prediction.	Finally,	 the	efficiency,	power	and	area	consumption	and	cost	
requirements	are	compared	with	respect	to	other	similar	popular	implementation	to	get	optimized	results.		

Index	Terms:	Adaptive	Routing,	Congestion	Prediction,	Network	on	Chip	(NoC).	

1. INTRODUCTION	

With	 the	 advancement	 in	 semiconductor	 technology,	 the	
complexity	 and	 interconnection	 delays	 are	 becoming	
limiting	 factor	 in	 System	 on	 Chip	 (SOC)	 designs.	 As	 a	
result,	 the	 Network	 on	 Chip	 (NOC)	 has	 emerged	 as	 a	
solution	 due	 to	 their	 flexibility,	 scalable	 and	 reusable	
properties.	The	unpredictable	delays	mostly	occur	due	to	
packet	 contention	 and	 as	 the	 system	 grows	 more	 and	
more	 complex,	 the	 handling	 of	 network	 traffic	 becomes	
more	 difficult[1]‐[3].	 Three	 main	 reasons	 for	 path	
congestion	are:	Switch	contention,	Switch	congestion	and	
Channel	congestion	which	are	shown	in	Fig.	1.	

Switch	 contention:	 It	 occurs	 when	 two	 or	 more	 packets	
request	 for	 the	 same	 output	 path.	 Switch	 congestion:	 It	
occurs	 when	 some	 of	 the	 packets	 transferred	 receive	
failed	 requests	 and	 are	 queued	 at	 the	 input	 buffer.	
Channel	congestion:	It	occurs	when	the	input	buffer	runs	
out	of	buffer	space	and	new	incoming	packets	are	blocked.	

	

Fig.	1	Switch	Contention,	Switch	Congestion	and	Channel	
Congestion.	

In	 order	 to	 overcome	 this	 congestion	 problem	 packet	
routing	 plays	 a	 vital	 role	 in	 NOC	 design.	 From	 above	
discussion	 it	 is	 clear	 that	 in	 order	 to	 detect	 path	
congestion	effectively,	we	need	to	consider	booth	channel	
as	well	as	switch	level	congestion	information.	

However	existing	congestion	aware	adaptive	routing	only	
consider	 only	 channel	 based	 information	 to	 predict	path	
congestion,	 therefore	 fail	 to	determine	congestion	unless	
the	 buffer	 fills	 up.	 Also	 when	 candidate	 channels	 have	
same	 congestion	 levels,	 any	 one	 of	 the	 channels	 will	 be	
randomly	selected	for	routing	which	leads	to	performance	
degradation.		

	

Fig.	2	Example	of	Packet	Forwarding	

Fig.	2	shows	the	local	router	(LR)	forwards	packet	1	(P1)	
to	downstream	router	3	(DR3).	We	can	see	 that	to	reach	
DR3,	 the	 routed	 flit	 must	 first	 pass	 through	 the	
intermediate	 router,	 DR1.	 But,	 DR1	 suffers	 from	 switch	
congestion,	as	shown	in	Fig.	1	this	cause	the	routed	flit	to	
be	congested	in	DR1,	and	experiences	a	queuing	delay	of	
2‐7	 units	 of	 time	 caused	 by	 competing	 packets.	 In	

ARUN KUMAR G C et al. Citation: 10.2348/ijset06150614
ISSN (O): 2348-4098 
ISSN (P): 2395-4752

International Journal of Science, Engineering and Technology- www.ijset.in 614



 

contrast,	 if	 LR	 selects	 the	 North	 Channel	 for	 P1	
forwarding,	the	routed	flit	will	only	experiences	a	queuing	
delay	 of	 two	 unit	 times	 before	 passing	 DR2.	 	 Thus	 by	
avoiding	 switch	 congestion	 in	 DR1,	 P1	 requires	 fewer	
cycles	 to	 reach	 DR3.	 Therefore	 from	 this	 example	 it	 is	
clear	 that	 both	 channel	 and	 switch	 congestion	
simultaneously	 affect	 network	 performance	 and	 if	 we	
purely	consider	only	one	of	these	congestion	situations,	it	
results	in	wrong	selection	of	routing	path.	

The	rest	of	this	paper	is	organized	as	follows.	In	Section	II	
we	 shall	 go	 through	 the	 related	 works	 and	 Section	 III	
presents	 the	 PCAR	 algorithm	 followed	 by	 the	
implementation	 of	 proposed	 scheme	 in	 Section	 IV.	 The	
following	 section	 V	 presents	 the	 various	 simulation	
results	 of	 PCAR.	 Finally,	 Section	 VI	 presents	 the	
conclusion.	

2. RELATED	WORK	

There	are	basically	two	types	of	adaptive	routing	namely:	
partially	 adaptive	 routing	 and	 fully	 adaptive	 routing	
algorithms.	 In	 partially	 adaptive	 routing	 the	 deadlock	
condition	 can	 be	 prevented	 as	 the	 algorithm	 restricts	
packets	to	be	delivered	towards	some	directions	by	using	
turn	 models	 [4]‐[6]	 where	 as	 fully	 adaptive	 routing	
algorithms	can	route	packets	towards	all	available	paths.	
The	 fully	 adaptive	 routing	 algorithm	 provides	 high	 path	
diversity	 to	 relieve	 congestion	but	 it	 causes	 the	problem	
of	 livelock	and	deadlock	which	affects	the	stability	of	the	
system.	 To	 avoid	 livelock	 and	 deadlock,	 fully	 adaptive	
routing	increases	implementation	cost	and	complexity.		As	
a	 result,	 to	 solve	 these	 issues	within	 reasonable	cost,	we	
focus	 on	 the	 design	 of	 partially	 adaptive	 routing	 in	 this	
paper.	 The	 adaptive	 routing	 algorithms	 can	 be	 further	
subdivided	as	congestion‐oblivious	and	congestion‐aware	
based	 on	 whether	 its	 selection	 function	 considers	 the	
output	 channel	 status	 [7].	 The	 following	 subsections	
present	two	types	of	adaptive	routing	algorithms.	

2.1	CONGESTION‐OBLIVIOUS	ADAPTIVE	ROUTING	

Congestion‐oblivious	 adaptive	 routing	 methods	 do	 not	
consider	 the	 output	 link	 status.	 A	 dimension‐order	
selection	function	selects	an	output	channel	with	the	least	
dimension	 from	 candidate	 channels.	 A	 zigzag	 selection	
function	selects	the	output	channel	that	has	the	maximum	
hops	 at	 the	 destination	 router;	 that	 is.	 An	 outside	
selection	function	[8]	tries	to	route	packets	that	are	away	
from	 the	 center	 of	 the	 network.	 The	 implementation	 of	
these	 selection	 functions	 is	 simple	 but	 they	 cannot	
balance	the	traffic	load	[9],	[8]	for	non‐uniform	and	time‐
variant	 traffic	 patterns.	 These	 selection	 functions	 often	
route	a	packet	to	a	congested	area,	which	degrades	overall	
network	performance.	Therefore,	to	avoid	congestion,	this	
project	focuses	on	congestion‐aware	adaptive	routing.	

2.2	CONGESTION‐AWARE	ADAPTIVE	ROUTING	

Congestion‐aware	 adaptive	 routing	 selects	 an	 output	
channel	 considering	 overall	 aspects	 of	 network	
congestion.	 Consequently,	 these	 selection	 functions	 can	
support	path	selection	based	on	a	time‐variant	congestion	
status.	 Congestion	 aware	 adaptive	 routing	 mainly	
considers	 two	 types	 of	 spatial	 information:	 local	
information	and	regional	information.		

Local	 routing	 information	 considers	 local	 information	
such	as	the	downstream	buffer	count	and	available	flit	slot	
to	 assess	 the	 traffic	 status.	 The	 best	 example	 is	 output	
buffer	 length	 (OBL)	 selection	 function	which	 selects	 the	
output	 channel	 buffer	 with	 the	 maximum	 number	 of	
available	 flit	 slots	 [11].	 On	 the	 other	 hand	 globally	
oblivious	 adaptive	 locally	 (GOAL)	 routing	 [10]	 uses	 the	
output	queue	length	as	 its	 local	congestion	metric	and	in	
the	 similar	 line,	 the	 proximity	 congestion	 awareness	
(PCA)	 technique	 [12]	 uses	 stress	 values,	 which	 are	 load	
information	 of	 neighboring	 routers,	 to	 avoid	 congested	
areas.	

Regional	routing	information	is	the	second	type	of	spatial	
information	used	in	Congestion‐aware	adaptive	routing.	A	
low‐latency	 router	 adopts	 look‐ahead	 congestion	
detection	uses	a	free	buffer	count	at	a	downstream	router	
for	 congestion	 estimation.	 The	 neighbors‐on‐path	 (NoP)	
selection	 function	 [11]	 chooses	 an	 output	 channel	 with	
the	 shortest	 occupied	buffer	 length	on	possible	 channels	
of	 neighboring	 routers	 on	 a	 path,	 this	 NOP	 selection	
function	attempts	to	acquire	additional	spatial	congestion	
information	to	detect	the	congestion.	Regional	congestion	
awareness	 (RCA)	 routing	 [7]	uses	aggregated	congestion	
information,	 which	 is	 propagated	 by	 a	 monitoring	
network	 among	 adjacent	 routers	 to	 balance	 loading.	
Destination‐based	 adaptive	 routing	 (DAR)	 [13]	 uses	 a	
separate	 monitoring	 network	 to	 obtain	 non‐local	
congestion	 information,	 and	 considers	 per‐destination	
delay	estimates.	However,	these	routing	methods	require	
additional	 wires	 between	 adjacent	 routers	 to	 monitor	
congestion.	 This	 additional	 overhead	 may	 not	 be	
acceptable	in	resource‐constrained	NoCs.		

3. PROPOSED	 PATH	 CONGESTION‐AWARE	
ADAPTIVE	ROUTING	SCHEME	

The	 proposed	 Path	 Congestion	 Aware	 adaptive	 Routing	
(PCAR)	 scheme	 simultaneously	 consider	 both	 channel	
level	 s]as	 well	 as	 switch	 level	 congestion	 information	
which		increases	the	effectiveness	of	routing	decision	and	
thereby	 the	 system	 performance.	 The	 proposed	 PCAR	
scheme	 is	 in	 turn	 made	 up	 of	 two	 other	 selection	
strategies	 namely:	 Path	 Congestion	 Aware	 Selection	
(PCAS)	 strategy	 and	 Contention	 Prediction	 Technique	
(CPT).	

3.1	 PATH	 CONGESTION	 AWARE	 SELECTION	 (PCAS)	
STRATEGY	

The	 goal	 of	 PCAS	 is	 to	 minimize	 router	 delay	 L(o)	 by	
overcoming	 the	 possible	 chances	 of	 congestion	 in	 the	
routing	paths,	which	is	given	by	the	equation:	

Min	 L	 (o)	 =	 min	 [(BCT	 +	 CLch	 (o).RST)	 +	 (RST	 +	 CLsw	
(o).RST)		 	 	 	 								 (1)	

Where	BCT=	Buffer	constant	Time	

RST=Router	service	time	
CLch=channel	level	congestion	
CLsw=switch	level	congestion	

But	 BCT	 and	 RST	 are	 constant	 delays	 for	 given	 buffer;	
therefore	the	above	equation	can	be	rewritten	as,	
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Min	L	(o)	=	min	(CLch	(o)	+	CLsw	(o))	

	=	min	Beff	(o)	 	 	 							 (2)	

Equation	(2)	gives	Beff	(effective	buffer	occupancy)	value	
for	an	output	channel	o	in	the	router.	PCAS	uses	this	Beff	
values	 as	 the	 congestion	 metric	 for	 selecting	 a	 routing	
channel.	Therefore	the	selection	criterion	is	given	by,	

SOC=arg	min	Beff	(o),	0	€	COC	

Where	SOC	is	the	selected	output	channel	and	COC	is	the	
set	 of	 candidate	 output	 channels	 provided	 by	 routing	
function.	

3.2	CONTENTION	PREDICTION	TECHNIQUE	(CPT)	

The	 CPT	 scheme	 is	 used	 to	 assist	 routing	 algorithm	 to	
avoid	 performance	 degradation	 due	 to	 congestion	
indetermination	 in	 situations	 where	 the	 congestion	
metric	 for	 the	candidate	output	 is	 same.	Here	analysis	 is	
based	on	the	states	of	packet	and	the	states	of	packet	can	
be	 classified	 into	 two	 types:1)	 packet	 forwarding	 and	2)	
packet	blocking.	This	state	of	packet	is	determined	based	
upon	 the	 state	 transition.	 Basically	 there	 are	 four	 state	
transitions	 namely:	 1)	 buffer	 out	 (BO),	 when	 input	 is	
inactive	 and	 output	 is	 active,	 2)	 steady	 flow	 (SF),	 when	
both	 input	 and	output	 are	 active,	 3)	 no	 flow	 (NF),	when	
both	 input	 and	output	 are	 inactive	 and	4)	 buffer	 in	 (BI),	
when	input	is	active	and	output	is	inactive.	The	BO	and	SF	
represents	packet	 forwarding	 state	where	as	 the	NF	and	
BI	 represents	 packet	 blocking	 state.CPT	 prefers	 output	
channel	to	be	in	fluid	state,	therefore	on	the	basis	of	state	
transition	 information	 the	 transition	 states	 can	 be	
prioritize	as	BO>>SF>>NF>>BI.				

CPT	uses	rate	of	change	(RC)	of	CLch	to	represent	level	of	
fluidity	and	is	given	by	

RC	(o)	=	CLch	(o,	t)‐CLch	(o,	t‐1)	 	 	 						(3)	

RC	 is	 the	 difference	 between	 the	 current	 and	 previous	
buffer	 occupancy.	 If	 RC	 is	 negative	 then	 state	 is	 blocked	
and					transition	is	Bo,	if	RC	is	positive	then	state	is	packet	
forwarding	 and	 transition	 is	 BI	 and	 if	 RC	 is	 0	 then	
transition	 is	 SF	 or	 NF	 based	 on	 input	 control	 signal.	 To	
differentiate	 these	 state	 transitions	Prediction	 Index	 (PI)	
is	computed	using	the	equation:	

PI	(0)	=	RC	(o)	+	(RC	(o)‐1)	 	 	 						(4)	

According	to	PI	the	selection	criterion	is	given	by		

SOC	=	arg	min	PI	(o),	0	€	COC	

4. IMPLEMENTATION	

The	 block	 diagram	 of	 the	 proposed	 PCAR	 router	
architecture	 is	shown	 in	the	Fig.	3.	 It	 is	made	up	of	FIFO	
block,	 PCAR	 computation	 unit,	 Switch	 allocator	 and	
Crossbar.	

It	 consists	 of	 two	 stages:	 Stage	 1	 comprises	 of	 Router	
Calculation	 (RC)	 and	 Switch	 allocation	 (SA)	 and	 Stage	 2	
comprises	 of	 Switch	 traversal	 (ST)	 and	 Link	 Traversal	
(LT).	in	stage	1	the	PCAR	unit		based	on	selection	function	
selects	 one	 of	 candidate	 output	 channel	 for	 routing	 and		

sends	the	header	flit	including	the	source	and	destination	
address	 to	 the	 output	 channel	 and	 in	 stage	 2	 the	 flit	
traverse	 through	 crossbar	 and	 is	 placed	 in	 respective	
output	path.		

	

Fig.	3	Block	Diagram	of	Proposed	PCAR	Router	

The	Fig.	4	shows	PCAR	computation	unit	which	consist	of	
routing	 function,	 PCAS	 unit	 and	 CPT	 unit.	 The	 routing	
function	 based	 upon	 source	 address	 and	 destination	
address	 decodes	 a	 set	 of	 candidate	 output	 channels	 (C0	
and	 C1).	 The	 PCAS	 unit	 determines	 Beff	 value	 for	 both	
candidate	 channels,	 C0	 and	 C1	 and	 selects	 the	 channel	
with	Beff	value.	If	the	congestion	level	is	same	in	both	the	
channels	(i.e.	Beff	 [C0]	=Beff	 [C1])	 then	the	CPT	unit	will	
be	 activated.	 Then	 activated	 CPT	 unit	 calculates	 PI	
(Prediction	 Index)	 for	 both	 the	 channels	 and	 selects	 the	
channel	with	least	PI	value	for	routing.	

Switch	 allocator	 attributes	 among	 all	 flits	 requesting	 for	
same	 output	 channel	 and	 grant	 channel	 for	 the	winning	
flit.	Then	the	winning	flit	traverse	across	the	crossbar	and	
is	placed	onto	corresponding	output	channel.	

	

Fig.	4	Block	Diagram	of	PCAR	Computation	Unit	
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5. SIMULATION		

This	paper	has	been	simulated	using	Xilinx	simulator	and	
implemented	 with	 the	 Spartan	 6	 FPGA	 kit.	 The	 PCAR	
router	operates	at	a	speed	of	150	MHz	Table	1	shows	the	
comparison	of	simulation	results	which	include	Maximum	
Frequency,	 Total	 Area,	 Area	 efficiency	 and	 Average	
Throughput	for	PCAR	router	along	with	four	other	routers	
XY	router,	Odd‐even	adaptive	routing	(OBL)	NoP	selection	
router	and	Regional	congestion	aware	(RCA)	router.		

The	simulation	results	are	shown	in	TABLE	I:	

TABLE	I:	SIMULATION	RESULTS	

PARAMETERS	 VALUES

Minimum	Clock	Period	(ns)		 6.685

Maximum	Operating	frequency	(MHz)		 149.586

Total	Memory	used	(KB)		 283328

	

From	the	above	table	we	can	see	that	the	minimum	clock	
period	is	6.685	ns	and	the	maximum	operating	frequency	
is	 around	150	MHz,	 as	 the	 synthesis	 frequency	of	 circuit	
increases	the	tradeoff	between	high‐speed	operation	and	
area	overhead	on	FIFO	buffers	 increases.	 If	 the	synthesis	
frequency	 is	 increased	 from	 625MHz	 to	 800	 MHz,	 the	
FIFOs	 cost	 increase	 by	 20%	 of	 original	 cost	 and	 these	
increases	in	FIFO	costs	results	significant	increase	in	total	
area	costs,	especially	 for	simple	routers	(i.e.,	XY	and	OBL	
routers).	Although	the	PCAR	router	needs	to	compute	the	
Beff	 and	 PI	 values,	 it	 does	 not	 need	 additional	 routing	
function	 to	 obtain	 spatial	 information	 resulting	 in	 10%	
and	 6.8%	 less	 area	 overhead	 as	 compared	 to	 NoP	 and	
RCA,	respectively.	

The	 TABLE	 II	 shows	 the	 device	 utilization	 for	 the	 PCAR	
router.	 PCAR	 has	 higher	 area	 efficiency	 than	 the	 other	
router	 designs:	Due	 to	 the	 simplicity	 in	 routing	unit,	 the	
routers	 can	operate	 at	 high	 frequency	 and	 then	 increase	
the	processing	speed	but	this	high	speed	operation	causes	
additional	 area	 overhead	 and	 high	 power	 consumption.	
Therefore	 for	 fair	 comparison	between	different	 routers,	
area	 efficiency	 can	 be	 considered	 to	 be	 an	 important	
performance	criterion.	Finally,	we	can	draw	a	conclusion	
that	the	PCAR	scheme	is	feasible	for	NoC	systems	because	
of	its	efficiency	and	cost	and	performance	trade‐offs.	

TABLE	II:	DEVICE	UTILIZATION	SUMMARY	

	 Available	 Used	 %	 of	
Usage	

Number	of	Slices:					 2448	 234	 9

Number	of	Slice	Flip	Flops:		 4896	 133	 2

Number	of	4	input	LUTs:			 4896	 463	 9

Number	of	bonded	IOBs:		 158 121	 76

Number	of	GCLKs:		 24 1	 4

The	Fig.	5	shows	graph	depicting	the	overall	delay	in	each	
block	of	PCAR	router.	
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Fig.	5	Delay	of	Each	Block	in	PCAR	Router	

6. CONCLUSION	

In	 complex	 NOC	 systems	 where	 resource	 allocation	
problem	cannot	be	avoided	traffic	congestion	is	one	of	the	
serious	problems.	A	fault	resource	allocation	can	leads	to	
congestion	 problem,	 to	 overcome	 this	 problem	 an	
effective	 congestion	 aware	 adaptive	 routing	 algorithm	 is	
desired	 to	 achieve	 balanced	 resource	 allocation.	 This	
paper	 simultaneously	 considers	 channel	 level	 as	 well	 as	
switch	 level	 information	 for	 prediction.	 PCAS	 scheme	
collects	 information	of	 routers	 to	determine	 flexibility	of	
routing	function.	On	the	other	hand	CPT	calculates	rate	of	
change	 in	 buffer	 level	 to	 further	 predict	 possible	
congestion.	Experimental	results	show	that	PCAR	scheme	
has	 a	 higher	 saturation	 throughput	 and	 also	 has	 highest	
area	efficiency.	Finally	we	can	conclude	that	PCAR	is	well	
suited	for	NOC	systems.	
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