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Abstract—As a basic building block of a switch scheduler, a fast conflict-free connections between input ports and output ports.
and fair arbiter is critical to the efficiency of the scheduler, whichis  Noticeably, in high performance switches, it is commonly that
the key to the performance of a high-speed switch or router. In this cell arriving, scheduling and switching, and departing are op-

paper, we propose a parallel round-robin arbiter (PRRA) based - S L
on a simple binary search algorithm, which is specially designed erated in a pipelined way [5]. All cells arriving in the current

for hardware implementation. We prove that our PRRA achieves cell slot will be considered for SChedUling and SWitChing in the
round-robin fairness under all input patterns. We further propose  next cell slot. As the switching speed of the switching fabric
a_r;_lmprlovesd_ (|P|RRA) dewj;nthart_]r%l:vcl:gs tlge timing OJ PERA"S;_Q- increasing rapidly, the speed of the scheduler is critical to the
nificantly. Simulation results wit .18um standard cell li- ;

brary show that PRRA and IPRRA can meet the timing require- performance of a switch.
ment of a terabit 256 x 256 switch. Both PRRA and IPRRA are |, .0 ouput ports
much faster and simpler than the programmable priority encoder E

(PPE), a well-known round-robin arbiter design. We also intro- E
duce an additional design which combines PRRA and IPRRA and
provides tradeoffs in gate delay, wire delay, and circuit area. With 4»
the binary tree structure and high performance, our designs are
scalable for large N and useful for implementing schedulers for
high-speed switches and routers.
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. INTRODUCTION

The growing demand for bandwidth fosters the need for ter- @
abit packet switches and routers. There are three major aspegfsl. As x 8 switch: (a) block diagram, and (b) crossbar switching fabric.
in the design and implementation of a high-speed packet switch
and router: (1) a cost-effective switching fabric that provides The cell scheduling problem for VOQ-based switches can be
conflict-free paths between input ports and output ports; (2pstracted as a bipartite matching problem [16] on the bipartite
a switch scheduling algorithm that chooses which packetsdmaph composed of nodes of input ports and output ports and
be sent from input ports to output ports; and (3) a fast meckdges of connection requests from input ports to output ports.
anism that generates control signals for switching elementsAanaximum size matching is one with the maximum number
set up confliction-free paths between inputs and outputs of thieedges. A maximal size matching is one which cannot be in-
switching fabric. For a given switching fabric, a fast arbitraeluded in any other matching. It has been proved that the size of
tion scheme can be used to implement (2) and (3). Hence, thenaximal size matching is at least half the size of a maximum
design of a fast arbitration scheme is critical to the design ofs&e matching [12]. The most efficient maximum size matching
high-speed packet switch or router [4], [15]. algorithms [7], [21], running inO(NN?2-%) time, are infeasible

In this paper, we focus on the arbitration of a cell-basddr high speed implementation and can cause unfairness [17].
crossbar switch for unicast I/O connections. ConsideVanN  Most practical scheduling algorithms proposed, such as PIM
switch with V input portsiy, Iy, - - -, Ixy—1, andN output ports [1], iSLIP [16], DRRM [4], FIRM [18], SRR [10], and PPA
0,01, --On—1. Fig. 1(a) shows the block diagram of ar{3], are iterative algorithms that approximate a maximum size
8 x 8 switch. Fig. 1(b) shows a crossbar switching fabric. Tmatching by finding a maximal size matching.
avoid head-of-line blocking [13], each input port maintaiis  Most of these maximal size matching algorithms consist
virtual output queues (VOQs), each dedicated to holding ceti§ multiple iterations, each composed of either three steps,
destined for its associated output port. The task of the schedRequest-Grant-Accept (RGA), or two steps, Request-Grant
ing algorithm running in the scheduler is to decide a set @RG). All these algorithms can be implemented by the hard-
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ware scheduler architecture shown in Fig. 2 [16]. In suchfast extracted fromReq as Req_thm = {Reg;|i > p}, where
scheduler, each input/output port is associated with an arbiteiis the selection starting point, using the thermometer vector
and there ar@ N such arbiters. Each arbiter is responsible fayenerated from the thermometer encoder. Then the two prior-
selecting one out oV requests. Output port arbiters operatéy encoders generate the grants fttg_thm and Req respec-

in parallel to select their matched input ports respectively atilely. The final grant vectotGnt is generated based on the
input port arbiters operate in parallel to select their matchédo sets of grant&int_thm andGnit_pre as follows: if there
output ports respectively. Newly matched input/output pairs aieany grant inGnt_thm, thenGnt = Gnt_thm, otherwise,
added to previously matched pairs. This process continues utititt = Gnt_pre. As one can see, both designs are too compli-
no more matched pairs can be found or a predetermined numbated for the simple round-robin scheme.

of iterations is reached.
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Fig. 2. Block diagram of a scheduler based on an RGA/RG maximal size

matching algorithm.
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Clearly, as the basic building block of the scheduler showsyy 3. gjock diagram of the PPE design.
in Fig. 2, the design of a fast and fair arbiter is critical to the
performance of the scheduler. LEf andT, be the time fora In [3], Chaoet al. proposed the ping-pong arbiter (PPA),
cell slot and an arbitration cycle respectively, and/ldte the which features a®(log V)-level tree structure. Clearly, PPA
number of iterations performed in a cell slot. In order for thRasO(log NV)-gate delay. Fig. 4 shows a 16-input ping-pong
scheduler to work properly, it must Rd, I < T. If I is fixed, arbiter, featuring a 4-layer complete binary tree structure. Each
smallerT;, corresponds to smallef,. If T is fixed, smaller node in the tree is a 2-input ping-pong arbiter (AR2). The ba-
T, means more iterations can be performed in each cell slsic function of an AR2 is favoring its two subtrees alternately
which implies a larger matching can be found. An importaiit both subtrees have requests. By associating a 1-bit memory
issue in designing an arbiter is how to ensure fair service With each internal node of the tree, this arbiter implements the
all requesters. The most commonly used scheme for ensuripgnd-robin selection rule under the condition that llre-
fairness is round-robin. In this scheme, all input ports are ajuests are present in each cell slot. However, when there are
ranged as a directed loop. The input port that follows the inplgiss thanV requests present, PPA can cause unfairness. For
port being served in the current cell slot is assigned the higixample, wheriV/2 + 1 input ports repeatedly request service
est priority in the next cell slot. The input port being served iim the pattern that one input port's request is captured by one
the current slot is assigned the lowest priority in the next ceihlf of the tree and the remaining input ports’ requests are cap-
slot. The priorities of other input ports are determined by thetired by the other half of the tree, this arbiter grants the one
positions in the loop starting from the input port that is beingput port N/2 times more than each of the remainiig2 in-
served. Itis worthy to point out that the fairness in arbitratioput ports, resulting unfairness. In situations as such, PPA can-
directly affects the fairness of the scheduler. A fair schedulaot provide round-robin fairness. One can see from Fig. 2 in
may not always yield a larger size matching, but it will improv¢s] that the performance of scheduling algorithm based on PPA
the quality of service in terms of lower average cell delay. is worse thanSLIP and DRRM which are based on PPE. Us-

In [6], Gupta and McKeown surveyed previously welling the same idea of “ping-pong” [3], another arbiter design,
known round-robin arbiter designs, and proposed two neslled switch arbiter (SA), was proposed in [19]. An SA is con-
programmable priority encoder (PPE) designs, both havisgucted by a tree structure composed gf4 SA nodes. An SA
O(log N)-gate delay. Design 1 uses(lag N x N) decoder, node consists of a D flip-flop, 4 priority encoders}-ait ring
an N-bit ripple priority encoder, and a convention&lbit pri- counter, five4-input OR gates, and fou-input AND gates.
ority encoder, each of which hé&¥log N)-gate delay. Design 2 SA is faster than PPA, but it is more complex in structure. As a
improves Design 1 by usinglag N x N thermometer decoder, PPA, the SA is not fair for nonuniformly distributed requests.
and twoN-bit priority encoders operating in parallel, as shown In this paper, we show how to apply algorithm-hardware
in Fig. 3. In this design, a subset of the requdstg_thm is codesign to design simple and fast round-robin arbiters. We



one and only one of{;’s can be in the 1-state. Assume that

group grant signdl (layer 4) H; =1, G,’s are set as follows:

1 fori= (j + a) mod N, if there exists

o gowoentson (ayerdy o G; = a=min{b | Rjip)moan =1,0<b< N —1},
¥ 0 otherwise.
3 i group grant signal (layer 2) ) ] (1)
T @ NHA: No Head Arbitration(NHA): If H; = 0forall0 < i <
@ external grant signal N —1,then
1 fori = a,if there existsy = min{j | R; = 1,
0 otherwise.
input request signals (2)

HUA corresponds taound-robin priority, where H;'s are
used as aircular pointer. NHA corresponds ttinear-priority
arbitration, for which all; = 0, implying that input) always
Fig. 4. Block diagram of the PPA design. has the highest priority. An arbiter is a hardware device that

implements a given arbitration priority scheme. A round-robin

) ) _arbiter implements HUA and the following additional function-
present a parallel round-robin arbiter (PRRA) based on a SiBlity of updatingH;’s after the operation specified in Eqn. (1):

ple binary search algorithm that is suitable for hardware iny- G, = 1thenH; — 0andH 1) moa v — 1. We aim at
plementation. PRRA is essentially a combinational circuit i”Hesigning arbiters based on HUA, but we also consider NHA
plementation of a binary tree structure. The arbitration procegs the following two reasons: (i) HUA and NHA designs can
of PRRA consists of two traces, up-trace and down-trace. Thg ynified so that a single design is capable of handling both

up-trace is a subprocess of collecting the request and roupfja and NHA; (ii) in our HUA designs, NHA can be used as
robin priority information, and the down-trace is a subprocesg, initiation step in the first arbitration cycle.

of decision making based on the information collected in the

up-trace. The PRRA design héilog V)-gate delay and con- g Round-Robin Arbitration Search Algorithm

Zgggﬂégt)s?;r:ﬁia\r/]\ﬁ/fruerglljirers)ﬁseegtn?r?glrglf) Loggi(&zsg)_ Our goal is to design an optimal-time round-robin arbitra-

lapping up-traces and down-traces of all subtrees. Our simuﬁié\)-n algorithm suitable for hardware implementation. Treating

) . . ’ arbitration as a computation task, the problem of finding the

tion results with TSMC .18m star_1dz_;\rd cell I_|brary show that d?sired input request among possibilities require® (log ')

EE)F;FE(AQ‘ggdS\lAI:E E AB%&:Q ngt;gigrrggézq;ge;uecrx gs?;f;??lme, regardless of the number of processing elements used as
; i : . . igng as all basic processing elements are of interconnection de-

simpler than PPE. We also introduce an additional design whlcrees (i.c., the number of similar elements one element can be

combines PRRA and IPRRA and provides tradeoffs in gate de- s

lay, wire delay, and circuit area. With the binary tree structu ceonnected to) bounded by a constant. This is because the ar-

. . itration problem can be reduced to the problem of computing
and high performance, our designs are scalable for 1&rgad f | iabl hich ; :
useful for implementing schedulers for high-speed switches aQR of v Boolean vanab es, whic @quné){log N) tlr_ne [9] .
he process of designing a special-purpose architecture (cir-

routers. . o ) i
. . . it or system) for a specific computational task is called
The rest of the paper is organized as follows. Section (fr orithm-hardware codesign, which is a restricted form of

. ; . !
presents the design of PRRA and gives the analysis of its co i_aely known hardware-software codesign. The product of
a‘?gorithm-hardware codesign is a high-performance hardware

@ rootAR2 (O internal AR2

rectness and complexity. Section Ill generalizes PRRA and
scribes the improved PRRA (IPRRA) design. A general ABjori ) .
- . orithm frequently invoked in a more complex computa-

proach of finding tradeoffs among gate delay, wire delay, anog . .
oo ; . ; tional environment. The methodology of algorithm-hardware
circuit area is also presented. Section IV presents simulation, . . o S
. . odesign, and its generalization hardware-software codesign, is

results of PRRA and IPRRA and comparisons with PPE, PP& . N
and SA. Section V concludes the paper commonly adopted in designing embedded systems. For the
' paper. algorithm-hardware codesign of round-robin arbiters, it is a nat-

ural choice to use a tree of bounded degree to characterize the
arbitration processing structure, and apply parallel processing

A. Problem Definition techniques to achieve the least possible processing time. In

The function of request arbitration is defined as followsddition, the hardware implementation should be as simple as
Given binary inputsR; and H;, 0 < i < N — 1, compute Possible.
binary Outputgi, 0 S 7 S N —1. Depending on the Va'ues of Define around-robin arbitration tree(RRA-tl’ee) of sizeN
H,’s, we have two variations: as a(log N + 1)-level complete binary tree. Nodes are parti-
tioned into levels. The node at level O is called thet node
(r-nodg. Nodes at level 1 to levébg N — 1 are callednter-
HUA: Head Uniqueness ArbitrationAt any arbitration time, nal nodeqi-node3. Nodes at levelog N are calledeaf nodes

Il. DESIGN OFPARALLEL ROUND-ROBIN ARBITER



@ <—— r-node Action
S: 59 gL sY HUA NHA
_ r-node [ i-node | r-node | i-node

(1) (o1 I-nodes 0 0 0 0] — | — ] right | right
\ O 0 0 1| — | right | right | right

@ @ I-nodes 0 0 1 0 right right — —

0 0 1 1 right right — —

0 1 2 3 0 1 0 0 - left left left

) 0 1 0 1 — left left left
Fig. 5. An RRA-tree forRgR1 R2R3 = 1011 andHyoH1 HoH3 = 1000 0 1 1 0 left left . o
0 1 1 1 right right — —

[ ST [ S" ] States 1 0 0 0] left left — —

0 ]0 There is noH,, = 1 in the subtree rooted 1 0 0 1 | right | right — —

atu and the number aR; = 1in 1 0 1 O — — — —

this subtree is 0 1 0 1 1 — — — —

0 [1 There is noH, = 1 in the subtree rooted 1 1 0 0 left left — —

atu, and the number aR; = 1in 1 1 0 1 left left — —

this subtree is> 0. 11 1 0 — — — —

110 Hj. = 1isinthe subtree rooted 1 1 1 1 —_ - —_ —_

atu and the number oR; = 1 such that TABLE Il
1 > kin this subtree is 0.

1011 H. = 1isinthe subtree rooted

atu and the number oR; = 1 such that
1 > kin this subtree is> 0.

TABLE |
S1 AND S° USED TO CODE THE STATE OH-NODES OF A(SUB)TREE
ROOTED AT AN i-NODE OR THET-NODE.

SEARCH ACTION TO BE TAKEN AT A NON-LEAF NODE u.

and “—" indicates that the combination df} S? 5%S% and

the type of node: is impossible by the definition &' 5° cod-

ing under HUA or NHA. Impossible cases are included in the
table for completeness even though they will not be encoun-
tered. Our algorithnRRA-SEARCHwhich can be applied to
HUA and NHA using corresponding columns in Table Il, is as

(I-node3. Thel-nodes of an RRA-tree are labeled frdto follows:

N —1 from left to right such tha?;, and H; are associated with
lI-node:. Fig. 5 shows the structure of an RRA-tree of size 4. Aigorithm RRA-SEARCH _ _ _
Following the binary tree structure, larger size RRA-trees car]"Put An RRA-tree with state information available in every node.
. ! . Output The desired-node if at least onénode having non-zero request.
be constructed from smaller size RRA-trees recursively. begin

The state of an RRA-treis defined byR;’s and H;'s asso- Search the action in the column-hode” of Table Il using
St 595559 of ther-node.

ciated with itsi-nodes. Let: be a node in an RRA-tree. We i 3 ) e
ol 0 . if the correspondmg_acnon ieft’

use two bitsS* andS* to code the state dfnodes in the sub- then u — left child of r;

tree rooted at as in Table |. Since the RRA-tree is recursively _elseu « right child of r.

defined, its state is also recursively defined. Foi-modei while u is not ani-nodedo

1 ' o ; ) ’ UseS} S9 S5SY of u as index to search the action in the
S+ = H; andS” = R;. We associate the state of a (sub)tfée column “-node” of Table II.
with its root nodeu, and we use thetate of node: to refer to if Thfhcorfespolnginﬁ_%di?n igeft’
H : . el enwu « leftt child ot u,
the state off’. In Flg.. 5, the state of each node is given within elseu — right child of .
the circle representing the node. end-while

if 150 = x0foru
then output “no desired request”;
elseoutputu.
end

Now we present a simple binary search algorithm, named
RRA-SEARCTHfor finding the desired input requestin an RRA:  correctness of RRA-SEARCH
tree, assuming tha$'S° is available for every node in the . .
tree. This algorithm is the basis of our round-robin arbiter de- In  this subsecgon, we prove thg correctness  of
signs, which will be given shortly. Let andw be the left and RRA-SEARCHalgorithm when it is applied to HUA and
right child of u respectively. We us§15°(u), StS? (u), and NHA. _ o .
SL59 (1) to denote the state af, v, andw respectively. When Theorem 1:RRA-SEARCHlgorithm is correct when it is
nodew is clear from the context, we omit and useS*'S°, applied to NHA. L 1
5159, andSESY, instead. Starting from the-node, algorithm Proof. Slnceln%nelofzfi si51,5°=0 folr e?)/erly nOode ki
RRA-SEARCHecursively makes a decision of selecting the leff€®: ThusSp 57 SpSE # 1% xx andSy ST SpSp # X x1x
subtree or right subtree, depending on the valueS!df? (u) - The entries in the“ cglumns ofnode and—npde of Table I
and LS9, («) of the current node: until ani-node is reached. under NHA marked “—" correspond to these impossible cases.
Table Il gives the actions for all cases, wheleft" or “right” LIn the rest of this paper, symbal is used to indicate adon’t care’ condi-
indicates selecting the left or right substreeuofespectively, tion.




The only legal values a§' S° are 00 and 01. According to theRRA-trees and its transition diagram shown in Fig. 9. In this
definition of SS9, $15% = 00 and S'S° = 01 are recur- figure, a double-circle represents the starting state. All states
sively defined as shown in Fig. 6. By Table I, the actions takeran be ending states.

from ther-node to ari-node byRRA-SEARCHan be modeled

by a finite-state automata, with its states directly corresponding @ @ @

to the states of nodes in RRA-trees and its transition diagram

shown in Fig. 7.

@ (o (@@ @ @ @
Fig. 6. Recursive definition o§*S° = 00 andS1S° = 01. @ @

Fig. 8. Recursive definition 661 S° = 10 andS1S% = 11.

0000/right 0100/Ieft

<> <> 1000/left 010 D/left

000L/right Q%Q

(a) (b) 0010/right 000L/right
a)
Fig. 7. State diagram describiRRA-SEARCHor NHA: (a) S1.5° = 00 for @
ther-node; (b)S1S9 = 00 for ther-node.
1100/1eft 010 O/left

In Fig. 7, the value 0f515° is used to label the state of a L0/l
node, andS‘iS%S}%S% /left (resp.S: 59 SLSY/ right) indicates QWQ
RRA-SEARCHontinues the search by selecting the left (resp. , _
right) subtree based on the valuesgfS? S3,S% of the current Orght - o00uight
node. For a particular staf? S° of ther-node, the only state is
the starting and ending state, and the state transitions follow ffi 9. State diagram describiRRA-SEARCHor HUA: (a) 5159 =10 for
transition arcs. Suppose the state of theode isS' S0 = 01, her-node: (D)57ST = 11 forther-node.
if S}S9SESY = 010x for ther-node, RRA-SEARCHelects
the left branch of the RRA-tree, and the state of its left child is If the state of the--node is 10,RRA-SEARCHuses transi-
also 01; ifS} 59 S1S% = 0001 for ther-node,RRA-SEARCH tion diagram shown in Fig. 9(a) to find the desired request, if
selects the right branch of the RRA-tree and the state of its rigity. We need to consider two subcases. In the first subcase,
child is also 01. As shown in Fig. 7, the state repeats untilall the nodes on the search path originating from thgode
reaches af-node with states' S® = 01. From Table Il, thig- and terminating at afrnodek are in the 10 state. This means
node must hold the first non-zero request, which is the desirbetre is noR; = 1, andRRA-SEARCHselects thd-nodek
request. If the state of thenode is 00, the selection actionsuch thatH, = 1. In the second subcase, the search path is
can be arbitrary since there is no desired request and any graantitioned into two subpaths, with all nodes on the first sub-
signal is meaningless. For simplicitRRA-SEARCHselects path in 10 state and all nodes on the second subpath in 01 state.
the right branch. An input which currently has no request cadn this subcaseH;, = 1, R; = 0 for i > k, there existgj
simply ignore the received grant signal. Therefore, we concludech thatj < k£ and R; = 1, andRRA-SEARCHselects the

thatRRA-SEARCHlgorithm is correct for NHA. m leftmostR; = 1 to the left ofk as in NHA. If the state of the
Theorem 2:RRA-SEARCH lgorithm is correct when it is r-node is 11 RRA-SEARCHIses transition diagram shown in
applied to HUA. Fig. 9(b) to find the desired request. We need to consider two

Proof: For HUA, since one and exactly one &f;'s is 1, subcases. In the first subcase, all the nodes on the search path
S51595LS% =1 x 1x is not possible. Also, for the-node, originating from ther-node and terminating at dmodek are

S1S0 =00 andS}SYSLSY = 0 x 0x are not possible. The in the 11 state. This means that = Hj, = 1, and the desired
entries in the columns of-node andi-node of Table Il under request is selected. In the second subcase, the search path is
HUA marked “—" correspond to these impossible cases. Thaartitioned into two subpaths, with all nodes on the first sub-
only legal states for the-node are 10 and 11. According topath in 11 state and all nodes on the second subpath in 01 state.
the definition ofSS9, S15° = 10 andS'S° = 11 are recur- There are two possibilities for this subcase.Hf = 1, and

sively defined as shown in Fig. 8, which utilize the definition®; = 0 for i > k, then the leftmost reque#t; = 1 is selected

of state 00 and 01 shown in Fig. 8 to complete the definitioas in NHA. If H;, = 1, and there exist®; = 1 for ¢ > k, then

By Table I, the actions taken from thenode to ari-node by the leftmost requesk; = 1 to the right ofi-nodek is selected.
RRA-SEARCHan be modeled by a finite-state automata, witBince we have considered all possible cases, the theorem holds.
its states directly corresponding to the states of the nodessin



D. Hardware Implementation

}
In this section, we describe the PRRA design, an algorithm- | PRRA |
structured hardware implementation of tRRA-SEARCHI- i
gorithm. The following guidelines are used in our PRRA de- @
sign: (1) use a tree to carry out the processing steps, such that
the state information is collected in the up-trace (i.e. from
leaves to the root), and the search is performed in the down- i i
trace; (2) use combinational circuits as much as possible to vl 1
fasten the design and the circuits must be simplified as much ] ]
as possible; and (3) use flip-flops to keep the current circular
pointer information, and use the tree and grant signals to up-

i-node ‘ i-node i-node i-node level 2

| I . |
date flip-flops. H Ll H Ll H H H Ll
The basic idea of our PRRA design is to directly implemen e |—fioate | rote | =]t |—~fo e |t | (1o | 1omt2
the RRA-tree using hardware. Though RRA-SEARCHilgo- T ] T ‘ T ‘ T ; T ; T ‘ T ‘ T ‘
rithm was modeled by finite-state automatas as described in the, s, &5, r,5,  r,q, R, G, .G R.G,  R,G,
proofs of Theorems 1 and 2, our implementation is memoryless o

- there is no memory at thenode and-node to store the state Fig. 10. Structure of a PRRA with 8 requests: (a) inputs and outputs; (b) the
information. Memories are only needed for storing the circulaee structure.
pointer at thd-node level. The entire processing is partitioned
into two phases, up-trace for generatisigs®, and down-trace
for searching the desirddnode and generating grant signals. '
The state informatiors* S° for all nodes is computed on-the-
fly recursively fromi-nodes towards the-node by purely com-
binational circuits. Then, thRRA-SEARCHS carried out from
ther-node toward$-nodes in parallel by the same circuits. The
circular pointer is updated according to the search result after |
an arbitration cycle.

Fig. 10 shows the structure of a PRRA with 8 requestdg- 11. i-nodes used in the PRRA.
and its inputs and outputsi-nodes are connected as a ring.

Fig. 11 shows how-nodes are connected. Each dashed recly o jts left child, ands?, and S% from its right child. It
angle represents alnode, which mainly consists of aRS provides two outputss® and 5° to its parent node. If an-

flip-flop Head. The outputf; of Head; being 1 indicates |\, s the Jeft (respectively, right) child of its parent node,
R; has the highest priority. For HUA, i, = 1 for SOME  then its St and SO are identified ass; and SY (respectively,

k, then H,ead’“ — 0 and Head(y11) moa n < 1; Otherwise Sk andS%) of its parent respectively. Aitnode has one input
all Head;’s remain unchanged. For NHA, requests are agr's o its parent node. If this-node is the left (resp., right)
signed I|_near pr|0r|t_|es, withRy ha_vmg the highest priority. child node of its parent node, this input is t6g, (resp.,Gr)

If there is .a”Y desired request ("eR". =1 .for ;omez), output of its parent node. It has two outpdts andGrg to its

let k = min{i|R; = 1}. After the first arbitration cycle, .4 nodes, which in turn arg inputs of its left and right child

.Headékﬂ,) lraod N — 1 agd all OthleerS rlfrr:ﬁlnlg- If thgre node respectively. Airnodeu at levellog N — 1 is the parent
IS no desired requestfcady—; — 1 and all othedtl's remain 4o of twol-nodesy andw. The inputsS; and S9 (resp.

0. Then, this PRRA performs HUA for subsequent arbitratiogn 0
: . . L and S%) of u are the outputdi; and Ry, (resp. Hg and
cycles. Thus, setting alf ead’s to be 0 provides a simple initial ;* r) Of u b L r (resp. Hrp

. . : ) _ Rp) of its left (resp. right) child-node respectively. The input
state for_ HUA. ltis Wor.thy tp point ogt tha_t thls.deS|gn Whlcrbmd output relations of alnode are specified by the following
automatically updates its circular pointer is suitable for ma

L o "Hoolean functions.

applications, such as bus arbitration.

Additional circuitry can be added to allow dynamically load-
ing Head flip-flops with a particular setting and make the cir- g0 _— S% 4+ 59 .5711% (3)
cular pointer programmable. For arbiters usedin RGAandRG o1 = &1 1

. . = Sp+ Sk 4)
switch schedulers, a grant sign@} = 1 may or may not be ) 0 = 0 =t e
accepted, depending on other conditionsGfis accepted, a Gr = G-Gp=G- (S} Sk +SL-Skp+S1-S%)(5)
new cwculgr po]nter is generated by the flip-flops §hown'|n Fig. ¢ = ¢-G¢=aG- (§.5*2+ng. S+ 5L . 59)(6)
10; otherwise, ifG; is not accepted, then the previous circular
pointer should be reloaded. To handle such a situation, anotheAs shown in the dashed rectangle in Fig. 13,ramode is
flip-flop can be added in eadhnode to maintain the previousimplemented as a sub-circuit of the circuit given in Fig. 12. It
Head state. has four inputs from its two child nodesi} andS? from its

An i-node is implemented as combinational circuit, as showeft child, andS% andS% from its right child. It provides two
in the dashed rectangle in Fig. 12. It has four inputs from itsutputsG;, andG g, which in turn areG inputs of its left and
two child nodes (which are eithémodes ori-nodes):S} and right child node respectively. The input and output relations of
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Fig. 14. The truth table used to generaté andG’; of the r-node andi-
nodes. G’ (r) and G’ (r) represent the outputs of thenode according to
Table Il. G (i) andG’, (i) represent the outputs éhodes according to Table

Fig. 12. Structure of aitnode. Il. G’, andG’, are used to generate Eqns. (5)-(8).

r-node

i

anr-node are specified by the following Boolean functions.

G, = G, =80-5%+8).5L+51-5% ()
_ /a1l 0 0 0 1 0

Gr = R — SL ’ SL + SL ’ SR + SR ’ SR (8) N/2-input N/2-input

PRRA PRRA

o o

G G

0 N/2-1 N/2 N-1

Fig. 15. Recursive construction of @&fi-input PRRA.

r-node (implemented by alnode). Note that such a PRRA is
valid for any number of inputs. If the number of inpuld,, to
an N-input PRRA is less tharV, we simply setR; = 0 for all
M < j < N — 1. ltis easy to verify that, with a binary tree
structure, PRRA ha®(log N)-gate delay and consumésgN)
gates.

E. A Working Example
Fig. 16 shows an example of howiégnput PRRA of Fig. 10
Theorem 3:PRRA operates correctly for both HUA andworks for HUA. Let the requests in the first arbitration cycle be
NHA. Ry=1,R =0,R;, =1andR3 = 1, and letHy = 1. This
Proof: Based on the recursive definition 8t S° (refer to Table case corresponds to the RRA-tree shown in Fig. 5. According
| and Figs. 6 and 8), it is easy to verify thét S° is correctly to Egns. (3) and (4), the leftnode generates its' S as11,
computed by Eqns. (3) and (4). and the righti-node generates it§'.S° as01. Hence, ther-
According to Theorems 1 and 2, we only need to show thaede selects the leftnode based on Eqns. (7) and (8). Then,
signalsG’;, and G, are generated by following Table 1. WeRo is granted according to Eqns. (5) and (6) diidis updated
directly translate Table Il into a truth table f6#, (r), G (r), to1. Fig. 16(a) shows the signals at each level in the first cycle.
G’ (i), andG', (i) as shown in Table 14. Then, we assign truth the second arbitration cycle, we assume that the same request
values for tlon't care’ conditions to obtain a truth table f@¥,  pattern repeats. The léfnode generates it$' S° as10 and the
andG’%. Fig. 14 shows the combined truth table &}, G'5, right i-node generates it$' S° as01. Thus, the right-node is
G (r),G%(r), G’ (i), andG’; (i). Eqgns. (5), (6), (7), and (8) selected, and, is granted and{; is setto 1. Fig. 16(b) shows
are obtained from this table. It is easy to verify thatHikad the signals at each level in the second cycle. One can derive
flip-flops are correctly set for HUA after every arbitration cyclethat 23 will be granted and,, will be updated to 1 in the next
] cycle if the same request pattern repeats.
The PRRA design is scalable. Amode can be used as the
r-node with its inputz permanently set to be 1 and its outputs Il. IMPROVED PRRA
S1 andS° unused. Therefore, as shown in Fig. 15 M#input In a PRRA, the arbitration process is decomposed into two
PRRA can be constructed by tw¥/2-input PRRAs and one separated subprocesses, up-trace and down-trace. In the up-

Fig. 13. Structure of an-node.



In an IPRRA, we usé¢-nodes instead afnodes. An’-node
differs from ani-node by removind~ in the logic of G, and

1141 0| oy1 Gr. Thus,-nodes and the-node are identical in structure.

| inose | | inoge | Unlike ani-node, which generates i andG r signals after
ﬁJ’J L‘Lh ﬁH’J L‘Lh receiving aG signal from its parent node, @hfnode generates
[ oloro]  oloyi[  ofops its G, andG, as soon as it receivey , S?, Sk andSY, signals

I-node |-| I-node |-| I-node |-—| I-node from its child nodes. Locally generatéd, andGr signals at

T bl Ll &l higher levels (those closer to the leaves) of the tree are used as

filters to refine the grant signals generated at lower levels by

Ro G R, G, R, G, Ry G multiple levels of added AND gates.

In the following, we give a simple analysis of the timing im-
provement of IPRRA over PRRA only considering the total gate
delay. Refer to Egns. (3)-(8) and assume that NOT, AND and
OR gates have the same gate delgy For both PRRA and
IPRRA, it takes3(log N — 1)T, time for ther-node to receive
— — its S}, 5%, Sk andSY%, and3T}, time for ther-node to generate

its G, andGr. Then, it takeglog N —1)T, time for alll-nodes

OHHJ Lﬁﬂ OHHJ Lo\LoL'] to receive theilG signals in the down-trace for PRRA. But for

- H o I H - IPRRA, it takesT time for all I-nodes to receive thei sig-
nals after the grant signals are generated at the root. The total
oo op o 1y oo gate delay for PRRA i8T(log N — 1)T + (log N — 1)T, +
3T, = (4log N — 1)T, and the total gate delay for IPRRA is
Ro G R G Ry G Ry G (3log N +1)T,. Thus, the timing improvement of IPRRA over
(b PRRA in terms of gate delay is significant. The disadvantage of

IPRRA compared with PRRA is that for largé its wire delay
may dominate the total circuit delay. For any reasonable circuit
layout of IPRRA, the two wires from the-node tol-nodes are

Q? longest. Each of these two wires is used to dNy& AND

Fig. 16. A working example.

trace, input signals encoding the requests and the circuﬁ

pointer information froni-nodes are transmitted and process To red ire del h | ve desi led
level by level towards the-node. In the down-trace, the grant 0 reduce wire delay, we have an alternative design calie

signal generated at thenode is propagated level by level baclg;OUped 'PRRAI(GPRRA)- Assum”e thalogl\'fdis f;l] mlultipile f
to all thel-nodes. In this section, we show how to improve th@ ki1 < k < logN. Conceptually, we divide the levels o

PRRA design by overlapping the up-trace and down-trace, aﬁ&lf’g N)-level II?RRA-treeT_into log N'/k groups, e_ach_ con-
shortening the critical path. sisting of nodes it consecutive levels. Based on this division,

- !
An improved PRRAIPRRA) maintains the binary tree struc—© %" construct flog N/ k)-level tree” such that each node

l _ an

ture of PRRA. A 2-input IPRRA-tree is annode. A 4-input in T' corresponds to &-level suptree of. Each node of” is
. . replaced by an IPRRA-tree af inputs.

IPRRA-tree is composed of two 2-input IPRRAS, anaode, More specifically. a2-input GIPRRA-tree is &2*-input

and four AND gates. In general, aN-input IPRRA-tree is pectiicaty, npu : npu

. ok i .
cormposed of twov/ 2 nput PRRAS, onernode, andv AND - [ERER B o SRR Cee 8 SR
gates. AnN-input IPRRA is composed of aN-input IPRRA- P y

tree, the-nodes, and the ring connection among them. Fig. d the others are denoted By The:-th grant output off’.

shows the structure of a 4-input IPRRA andiéfinput IPRRA, Iseﬁglrz;dn\l:th E’;Zf]?s()f éh@ 1%1”:%‘:;'3?%9; E:tl)en;rteréthn n
with [-nodes omitted. Thenodes and their interconnection areq W g - 9. (@) W ! uction.

km_; _ H (m—1)_
the same as in PRRA. The connections between nodes for g%%r_leral, A2"-input GIPRRA-tree is composed o4

) : ; - k(m=1) 9k_jnput IPRRA-trees. The
ratinaS! SO sianals also remain th m PRRA. input GIPRRA-tree an@ . p ees.
eratingS”.57 signals also remain the same as i-th grant output of the*(m—1)_input GIPRRA-tree is ANDed

with each of the* grant outputs of thé-th IPRRA-tree to gen-
Tr'mdeﬁ T""OdeT erate new grants. Fig. 18 shows the recursive construction of

a GIPRRA-tree, withi-nodes omitted. Thénodes and their
interconnection of a GIPRRA are the same as in PRRA. The

oy oy N el connections between nodes for generatiig® signals also
‘ ‘ ‘ ‘ remain the same as in PRRA. Clearly, for= 1, a GIPRRA is
# ? ? ? # ? ? ? a PRRA, and fok = log N, a GIPRRA can be considered as
an IPRRA. Forl < k < log N, the gate delay of a GIPRRA
o & 2 % G Cwa Gz S s |onger than an IPRRA but shorter than a PRRA, the number
@ & of gates used in a GIPRRA is between that of a PRRA and an

Fig. 17. Recursive construction of IPRRA: (a) A 4-input IPRRA. (0) s IPRRA, and the wire delay of a GIPRRA is bounded by the
input IPRRA. wire delay of a2*-input IPRRA. GIPRRAs provide tradeoffs



among several performance measures. [Design N=4 N=8 N=16 N=32 N=64 N=128 N=25p
PPE 1.67 2.73 3.8 507 631 7.2 8.2
PPA 1.7 253 366 454 567 6.54 7.67
SA 1.36 151 1.79 226 272 3.35 4.08

X input IPRRA PRRA 147 252 358 463 568 6.74 7.79
IPRRA 129 189 268 368 456 5.01 5.84
0 H 1 H TABLE 1lI
Kinput Kinput TIMING RESULTS OFPPE, PPA, SA, PRRAND IPRRAIN TERMS OF
IPRRA IPRRA \ . ns.
0 K X ol [Design N=4 N=8 N=16 N=32 N=64 N=128 N=25p
PPE 53 150 349 812 1826 4010 8772
(@ PPA 63 143 313 644 1316 2649 5325
SA 89 292 641 1318 2372 4780 9602
PRRA 31 72 155 320 651 1312 2634
IPRRA 31 82 173 356 723 1455 2907
2 KM jnput GIPRRA TABLE IV
H H AREA RESULTSPPE, PPA, SA, PRRAND IPRRAIN TERMS OF THE
0 ! 2K NUMBER OF NAND2 GATES.
Xi nput Xi nput
IPRRA IPRRA
\ \
@ @ Table 1l shows the timing results of these designs in terms
o 4 X 41y of ns and Table IV shows the area cost of these designs in
terms of the number of 2-input NAND (NAND2) gates for
(b) N = 4,8,16,32,64, 128, and256. Although the results de-
Fig. 18. Recursive construction of a GIPRRA: (a) A GIPRRA with— P€nd on the standard cell library used, they represent the rela-
log N+ (b) A GIPRRA with = y wherem < 2. tive performance of these designs.

As shown in Table Ill, the timing results of SA grow with
To complete our discussion of IPRRA and GIPRRA, we stateg, N, while the timing results of PPE, PPA, PRRA, and

their correctness by the following theorem. IPRRA grow withlog, N, which are consistent with the anal-
Theorem 4:IPRRA and GIPRRA operate correctly for bothysis of these designs. Among all the designs, SA runs the
HUA and NHA. fastest with its less levels of basic components. However, as

Proof: The proof is by induction. We only prove the correctwe pointed out in Section |, SA is not fair for nonuniformly
ness of IPRRA since the proof for GIPRRA is similar. The thedistributed requests. IPRRA is the second fastest design with
orem obviously holds for a 2-input IPRRA-tree, because it téming improvement of up t80.8% over PPE an@5.7% over
equivalent to a 2-input PRRA-tree. Suppose the theorem hoRRRA. The timing improvement of IPRRA over PRRA is not as
for a27-input IPRRA-tree, and consider2d*!-input IPRRA- good as our analysis given in Section lll since the analysis does
tree. Ther-node of this tree correctly selects its subtree to conot consider wire delay. As we expect, timing results of PRRA
tinue the search for the desired request, and each of the tavwl PPA are comparable due to the similarity of their binary-
27-input IPRRA subtrees correctly selects its desired requéste structures. But PPA cannot provide round-robin fairness as
respectively. When each of the two grant signals ofittiede PRRA does. PPE has the longest delay since it had dnit

is ANDed with the grant signals of the corresponding subtreeRermometer encoder and afbit priority encoder on its crit-

the new grant signals of the entire IPRRA-tree are also correicial path. For comparison purpose, consider a switch of size

Hence, the theorem follows. B N = 256 and assume that the cell sizeti$-byte, the line
rate is determined bg4 x 8/the arbiter speed. The line rates
V. SIMULATION RESULTS AND COMPARISONS that a scheduler using PPE, PRRA, and IPRRA can provide are

In this section, we present the simulation results of PRRA,24Thps, 6.68Thps, and 8.77Thps respectively.

IPRRA, PPE, PPA, and SA [6] on Synopsys’ design tools. We As shown in Table IV, the area results of all designs grow lin-
modeled the PPE and PPA as shown in Fig. 11 of [6] and Fig=arly with N. Compared with other three designs, both PRRA
1 and 4 of [3] respectively. For SA, we modeled it accordand IPRRA consume significantly fewer NAND2 gates with
ing to Figs. 3, 4, and 5 of [19]. We generated Verilog HDltheir binary tree structure and simple design of each node. SA
[8] codes for each design, compiled and synthesized them @ansumes the largest number of NAND2 gates. PPE is better
Synopsysdesignanalyzerusing a .18m TSMC standard cell than SA but worse than PPA. PRRA consumes the least num-
library from LEDA system [14], [22]. All these designs weréber of NAND2 gates. The area results of IPRRA is slightly
optimized under the same operating conditions and the tool wagrse than PRRA. Compared with its timing improvement, the
directed to optimize area cost of each design. slightly larger area cost of IPRRA than PRRA is neglectable.
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