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state L where 
L = ( Load -> if bN then S1 

else 50 ) 
S1 = ( dnSl -> 50 ) 
s2 = ( dnSZ -> 51) 
St) = ( s dnS2 —:> 82 

l s dnSl -> S2 
I s. dnU —> EMPTY ) 

end 
EMPTY = ( dnU -> L ) 

FIG. 3A 
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state L where 
L = { Load -> EMPTY ) 
S1 = ( dnSl ) 
S2 = ( dnS2 ) 
EMPTY : ( dnU -> L ) 

end 

FIG. 3B 
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state L where 
L = (load -> if bN then S1 

else 80) 
S1 :(dnS1->SO) 
S2 = ( dns2 -> S1) 
S0 = ( s.dnS2 -> S2 

| s.dnS1 -> S2 

|s.dnU -> EMPTY) 
EMPTY = (dnU -> L) 

end 

FIG. 4A 

state L where 
L = (load -> EMPTY) 
S1 =(dnS1 ) 
S2 =(dns2 ) 
EMPTY = (dnU -> L) 

end 

FIG. 4C 

Oct. 6, 2011 Sheet 4 0f 11 US 2011/0243295 A1 

hn 

< ------------ -— load 

5. 
load L 0 

1 

S. 32 

["132 ("132 

s. 

dnS1 3U dnSl 
c" I 

5» dnU 
gnu EMPTY 

FIG. 4B 

I lnad 
; L 

3 s2 - 
\ dnSQ 

: S'l — 

; dnS'l 

: EMPTY 

dl‘lU 





Patent Application Publication Oct. 6, 2011 Sheet 6 0f 11 US 2011/0243295 A1 

set 

?g I? keeper 
FIG. 6 

enable 



mh .QE 

US 2011/0243295 A1 Sheet 7 0f 11 Oct. 6, 2011 

1? 

Patent Application Publication 



Patent Application Publication Oct. 6, 2011 Sheet 8 0f 11 US 2011/0243295 A1 

0w .QE mm .QE 9; M 0E _|__ .._ |_. . 

H @E H! 2: 

.3 Q. 

| | | i i i i i x x \ i x \ x x x x x x | | | lliuv ||||\\\\\\\\\\\\\\\\||||||V 

m>m_w_u 2mm @ $520 2mm w 

A ........................ I a ........................ I 
m>m_m_u 2% w @920 Sam N <w .QE 



Patent Application Publication Oct. 6, 2011 Sheet 9 0f 11 US 2011/0243295 Al 

FIG. 9 

MSNO MSN1_| 



Patent Application Publication Oct. 6, 2011 Sheet 10 0f 11 US 2011/0243295 A1 

LSNO LSN1 

FIG. 10 

We 

MSNO MSN1 



Patent Application Publication Oct. 6, 2011 Sheet 11 0f 11 US 2011/0243295 A1 

FIG. 11 



US 2011/0243295 A1 

ASYNCHRONOUS LOADABLE DOWN 
COUNTER 

BACKGROUND 

[0001] 1. Field 
[0002] The disclosed embodiments relate to implementa 
tions of doWn counters. More speci?cally, the disclosed 
embodiments relate to asynchronous implementations of a 
loadable doWn counter. 
[0003] 2. RelatedArt 
[0004] A loadable doWn counter is a circuit that can be 
loaded With any k-digit value N and then decrement exactly N 
times. This series of operations can then be repeated for 
different values of N. Loadable doWn counters are used often 
in hardWare implementations to execute a certain set of opera 
tions N times, Where the value of N may depend on user 
provided information. Loadable doWn counters have been 
implemented as both synchronous and asynchronous circuits. 
For example, Joep Kessels describes an asynchronous imple 
mentation of a loadable doWn counter in “Designing Asyn 
chronous Standby Circuits for a LoW-PoWer Pager, J. Kessels 
and P. Marston, Proceedings of the IEEE, Special Issue on 
Asynchronous Circuits and Systems, Vol. 87, No. 2, February 
1999. In this paper, Kessels speci?es the doWn counter in the 
Tangram language, and the implementation comprises a 
translation of the speci?cation into a handshake circuit. 
Unfortunately, these handshake circuits are sloWer, use 
greater area, and consume more poWer than other implemen 
tations. 
[0005] Hence, What is needed are circuit implementations 
of a loadable doWn counter that are faster, use less area, and 
consume less poWer than previous implementations. 

SUMMARY 

[0006] The disclosed embodiments relate to an asynchro 
nous doWn counter, Which can be loaded With any value N and 
then decrement exactly N times. The counter comprises an 
array of cells, Wherein each cell is con?gured to hold a digit in 
a redundant base-k representation of a number contained in 
the array of cells. Each cell further comprises a ?nite state 
machine that de?nes state transitions betWeen states, Where 
these states are held on Wires and state transitions are syn 
chroniZed betWeen neighboring cells. Each cell is further 
con?gured to asynchronously borroW, if possible, from a 
more signi?cant adjacent cell to increase a value of a digit in 
the cell. This asynchronous borroWing improves performance 
by ensuring that a decrement operation, Which decrements a 
digit in a least signi?cant cell in the array, Will borroW from an 
adjacent more signi?cant cell, Without having to Wait for the 
completion of a rippling sequence of borroWs from more 
signi?cant cells. 
[0007] In some embodiments, each digit in the redundant 
base-k representation of a number is a redundant base-2 digit. 
[0008] In some embodiments, a loading circuit is con?g 
ured to load a number N into the array of cells. 
[0009] In some embodiments, the ?nite state machine in 
each cell is con?gured to encode each state on a single Wire. 
[0010] In some embodiments, the ?nite state machine in 
each cell is con?gured to encode each state on multiple Wires. 
[0011] In some embodiments, each cell includes a GasP 
module. 
[0012] In some embodiments, the GasP module is imple 
mented by a 2-4 GasP circuit, Wherein the circuit has tWo gate 
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delays in the forWard direction and four gate delays in the 
reverse direction, and Wherein the circuit has a cycle time of 
six gate delays. 
[0013] In some embodiments, a state Wire is maintained at 
a current state by a keeper circuit When the Wire is not actively 
driven. 

BRIEF DESCRIPTION OF THE FIGURES 

[0014] FIG. 1A shoWs a loadable doWn counter in accor 
dance With an embodiment of the present invention. 
[0015] FIG. 1B shoWs an implementation of a repetition 
involving a loadable doWn counter in accordance With an 
embodiment of the present invention. 
[0016] FIG. 2 shoWs a counter comprising a cell commu 
nicating With a sub-counter and a user, in accordance With an 
embodiment of the present invention. 
[0017] FIG. 3A shoWs a speci?cation of a cell in a loadable 
doWn counter in accordance With an embodiment of the 
present invention. 
[0018] FIG. 3B shoWs the speci?cation of an end cell in a 
loadable doWn counter in accordance With an embodiment of 
the present invention. 
[0019] FIG. 4A shoWs the speci?cation of a cell for a load 
able doWn counter in accordance With an embodiment of the 
present invention. 
[0020] FIG. 4B shoWs the implementation of a cell for a 
loadable doWn counter in accordance With an embodiment of 
the present invention. 
[0021] FIG. 4C shoWs the speci?cation of an end cell for a 
loadable doWn counter in accordance With an embodiment of 
the present invention. 
[0022] FIG. 4D shoWs the implementation of an end cell for 
a loadable doWn counter in accordance With an embodiment 
of the present invention. 
[0023] FIG. 5 shoWs an implementation of a 2-bit loadable 
doWn counter in accordance With an embodiment of the 
present invention. 
[0024] FIG. 6 shoWs initialization of state Wires by means 
of an enable signal and setting keepers in accordance With an 
embodiment of the present invention. 
[0025] FIG. 7A shoWs an example of a 2-4 GasP implemen 
tation in accordance With an embodiment of the present 
invention. 
[0026] FIG. 7B shoWs an example of a 4-6 GasP implemen 
tation in accordance With an embodiment of the present 
invention. 
[0027] FIGS. 8A-8C shoW an implementation of a gener 
aliZed GasP module With tWo gate delays in the forWard 
direction and four gate delays in the reverse direction in 
accordance With an embodiment of the present invention. 
[0028] FIG. 9 shoWs an implementation of a generaliZed 
2-4 GasP module With a state encoding using tWo Wires in 
accordance With an embodiment of the present invention. 
[0029] FIG. 10 shoWs an implementation of a generaliZed 
4-6 GasP module With a state encoding using tWo Wires in 
accordance With an embodiment of the present invention. 
[0030] FIG. 11 shoWs a 2-bit implementation of a counter 
using a state encoding With tWo Wires per state in accordance 
With an embodiment of the present invention. 
[0031] Table 1 illustrates a table of transitions for neigh 
boring bit values in accordance With an embodiment of the 
present invention. 
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[0032] Table 2 illustrates a table of transitions of neighbor 
ing bit values and their associated state transition names in 
accordance With an embodiment of the present invention. 
[0033] Table 3 illustrates a state encoding using tWo Wires 
in accordance With an embodiment of the present invention. 
[0034] Table 4 illustrates state transitions With neW state 
encoding in accordance With an embodiment of the present 
invention. 
[0035] In the ?gures, like reference numerals refer to the 
same ?gure elements. Moreover, multiple instances of the 
same type of part may be designated by a common pre?x 
separated from an instance number by a dash. 

DETAILED DESCRIPTION 

[0036] Embodiments provide a method and apparatus for 
implementing a doWn counter. More speci?cally, embodi 
ments provide a method and apparatus for implementing a 
loadable doWn counter using GasP circuit implementations 
together With neW state encoding techniques. 
[0037] Several embodiments of implementations of Kes 
sels’s doWn counter are presented Which use a neW state 
encoding technique. In all previous GasP implementations, 
each state Was mapped to a single state Wire using a one-hot 
encoding. To save on state Wires and potentially some logic in 
the GasP modules, it is useful to consider different state 
encodings that use less than one Wire per state. By Way of 
illustration, several implementations of the counter are pre 
sented that use a state encoding using feWer state Wires. The 
GasP implementations are much faster, use less area, and 
consume less poWer than the Handshake Solutions imple 
mentation. For this reason the GasP implementations can be 
used for high-frequency and loW-poWer applications. 
[0038] A loadable doWn counter ?rst loads an arbitrary 
value N in binary format after Which it Will perform N suc 
cessful decrements, denoted by dnS, ?nally folloWed by an 
unsuccessful decrement, denoted by dnU. The doWn counter 
then repeats this behavior. Here is the speci?cation in the form 
of a program. 

Where * [E] denotes repetition of E, —> denotes concatenation, 
and dnSN denotes action dnS repeated N times. 
[0040] FIG. 1A illustrates a possible interface of the doWn 
counter With a user in accordance With some embodiments of 

the present invention. Wire REQ_LOAD is for requesting a 
load action. Assume that the binary value N is valid When a 
request for a load action occurs. Wire REQ_DOWN is for 
requesting a doWn action, Wire NOT_EMPTY is for acknoWl 
edging a successful doWn action, and Wire EMPTY is for 
acknowledging an unsuccessful doWn action. 
[0041] Loadable doWn counters are handy When imple 
menting repetitions of the form: 
[0042] for i:1 to N do S 
Where N is not knoWn beforehand, but gets calculated just 
before execution of the repetition. Also assume that statement 
S does not use or change the value of i. FIG. 1B illustrates an 
implementation of this repetition using a loadable doWn 
counter in accordance With some embodiments of the present 
invention. 
[0043] In order to describe our implementation, the behav 
ior of the counter is ?rst illustrated by means of an example. 
Assume that a six-bit counter is loaded With the binary value 
[0044] The left-most bit is the most signi?cant bit. Thus, 
this binary representation denotes the value 
1*25+0*24+0*23+1*22+0*2l +1 *2OI37. Although the initial 
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count is in a unique binary representation, during operation 
the counter can assume a redundant representation of the 

count by alloWing each “bit” to assume one of three values 0, 
1, and 2. Using this notation, the folloWing are valid repre 
sentations for 37. 

[0045] 020021 

[0046] 012021 

[0047] 011221 
[0048] During operation, any bit that has a value 0 Will 
borroW a 1 from its more signi?cant neighbor, if it exists and 
if it has a non-Zero bit value. A borroW from a more signi?cant 

neighbor results in adding 2 to the bit’s oWn value of 0, Which 
results in a 2. So, for example, the sequence . . . 10 . . . changes 

to...02...andthesequence...20...changesto...12. 

[0049] In order to test if the value of the counter is Zero, the 
system needs to test if all bit values are Zero. To avoid testing 
that all bit values are 0, the system needs one more bit value, 
that is, a value that indicates that all more signi?cant bits are 
0. Call this bit value E for “Empty.” The additional rule for 
transitioning bit values is that When a bit value is 0 and its 
more signi?cant neighbor has bit value E, then the neW bit 
value changes from 0 to E. By default the left-most bit is 
alWays E. With these de?nitions, it folloWs that Whenever the 
least signi?cant bit equals E, then the counter value is 0. 

[0050] Taking into account the above rules for transitioning 
bit values, the folloWing sequence of representations can 
occur during operation. Note that more than one transition 

may occur in any representation. For example, decrementing 
EE11202 not only decrements the least signi?cant bit 2, but 
also borroWs a 1 from the ?rst 2 of 202 to form 121. 

E01 1221 

EE1 1221 

— l , dnS , successful decrement 

EE1 1220 

EE1 1212 

— l , dnS , successful decrement 

EE1 121 1 

— l , dnS , successful decrement 

EE1 1210 

EE1 1202 

— l , dnS , successful decrement 

EE1 1 121 

EEEEEEI 

— l , dnS , successful decrement 

EEEEEEO 

EEEEEEE 

— l , dnU, unsuccessful decrement 

EEEEEEE 

[0051] Table 1 summarizes the transitions of tWo neighbor 
a ing bit values, called MSN for “more signi?cant neighbor’ 

and LSN for “less signi?cant neighbor,” in accordance With 
some embodiments of the present invention. The table gives 
the neighboring bit values before the transitions in both bits 
and after the transitions. The transition is called the “?ring.” 
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TABLE 1 

Table of transitions for neighboring bit values 

Before After 
?ring ?ring 

MSN LSN MSN LSN 

E 0 E E 
1 0 0 2 
2 0 1 2 
0 0 0 0 

[0052] For a k-bit loadable down counter, Kessels uses one 
cell per bit plus a special end cell. The communication behav 
ior of each cell with its neighbors can be described with a 
?nite state machine. The complete counter is then the parallel 
composition of all ?nite state machines. 

[0053] Whereas the end cell communicates with just one 
neighbor, all other cells communicate with two neighbors. 
The behavior of one such cell can be speci?ed as a sequence 
of communication actions between the user and the cell on the 
one hand and between the cell and the sub-counter on the 
other hand, as illustrated in FIG. 2 in accordance with some 
embodiments of the present invention. The communication 
actions between two neighboring cells appear in Table 2 in 
accordance with some embodiments of the present invention. 
For our speci?cation these actions serve as as the communi 
cation actions between user and cell. In order to distinguish 
these actions from the communication actions between the 
cell and the sub-counter, pre?x the actions with the sub 
counter with “s.” to obtain s.dnU, s.dnSl, and s.dnS2. There 
also exists one more communication action representing the 
loading of the bit value into the cell: load and s.load. 

TABLE 2 

Table of transitions of neighboring bit values and 
their associated state transition narnes 

Before After 
?ring ?ring Action 

MSN LSN MSN LSN Narne 

E 0 E E dnU 
1 0 0 2 dnSl 
2 0 1 2 dnS2 
0 0 0 0 i 

[0054] Each cell can be in one of ?ve states: L, S0, S1, S2 
and EMPTY. State L is the initial state, where the cell per 
forms a load action with the user and then goes to state S0, if 
the bit loaded is 0, or to state S1, if the bit loaded is 1. States 
S0, S1, and S2 are the states of the cell where the value of the 
bit stored in the cell is 0, 1, or 2 respectively. In state EMPTY 
the value of the bit stored in the cell is E. 

[0055] The speci?cation of a cell appears in FIG. 3A where 
bN represents the bit value for that cell in accordance with 
some embodiments of the present invention. In state S2, the 
cell performs a successful down action and goes to state S1. In 
state S1, the cell performs a successful down action and goes 
to state S0. In state S0 the cell tries to borrow a bit from its 
sub-counter by performing a down action on the sub-counter. 
If the sub-counter performs a successful down action, the cell 
goes to state S2. If the sub-counter performs an unsuccessful 
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down action, the cell goes to state EMPTY. In state EMPTY, 
the cell performs an unsuccessful down action with the user 
and then goes to state L, waiting for the next load action. 
[0056] A speci?cation for the end cell appears in FIG. 3B in 
accordance with some embodiments of the present invention. 
The speci?cation includes all actions load, dnS1, dnS2, and 
dnU, although dnS1 and dnS2 are never activated. This means 
that the last cell will prevent actions dnS1 and dnS2 from ever 
occurring. 
[0057] A GasP implementation of the counter cells using a 
one-hot encoding appears in FIGS. 4A-4D in accordance with 
some embodiments of the present invention. The one-hot 
encoding technique assigns one wire to every state and one 
GasP module to every state transition. Note that each GasP 
module is part of two neighboring ?nite state machines. Thus, 
a GasP module ?res only when both ?nite state machines can 
engage in the state transition implemented by the GasP mod 
ule. 
[0058] FIG. 5 gives a complete implementation of a 2-bit 
loadable down counter using a one-hot state encoding in 
accordance with some embodiments of the present invention. 
Our implementation of the counter has the property that the 
load actions can be activated concurrently for all cells or 
sequentially as indicated in FIG. 4B. Furthermore, the user 
may initiate a load and a down request concurrently without 
causing any malfunction. The implementations of FIGS. 
4A-4D have the property that the ?rst down action can be 
performed only after a load action has completed. 
[0059] There are several ways that the GasP modules can be 
implemented. There is a 2-4 GasP implementation, as in FIG. 
7A, and there is a 4-6 GasP implementation as in FIG. 7B in 
accordance with some embodiments of the present invention. 
There are many more variants. The 2-4 GasP implementation 
has a cycle time of 6 gate delays, and the 4-6 GasP imple 
mentation has a cycle time of 10 gate delays. 
[0060] The state wires should be kept at the appropriate 
voltage when they are not actively driven. There are several 
ways to do this. One alternative is to have one full-keeper per 
state wire. This alternative has the advantage of using only 
one keeper per state wire and the disadvantage of needing to 
overdrive the keeper every time the state changes. A second 
alternative is to have a half-keeper at every end of the state 
wire, provided that there are only two GasP modules that can 
change the state of the state wire. The ?rst GasP module only 
pulls up the state wire, and the second GasP module only pulls 
down the state wire. The disadvantage is that you need two 
half-keepers, but the advantage is that you do not need to 
overdrive the keeper when changing a state wire. Implemen 
tations of half-keepers and full-keepers have been discussed 
by others and are well-known in the art. Unfortunately, in the 
implementation of FIGS. 4A-4D, the states S0, S1, and S2 
have more than two GasP modules that drive the state wire, 
which excludes the use of half-keepers for these state wires. 
[0061] Initialization of a GasP implementation occurs by 
setting the values of the state wires to the appropriate state. 
One way to initialize the state wires is ?rst to disable all GasP 
modules by disabling the ?re action through the NAND gate 
as in FIG. 6, and second to set the keepers of the state wires to 
the appropriate value. 
[0062] Kessels’s counter has been implemented as part of a 
chip using a one-hot encoding. Since the chip was using 4-6 
GasP, the implementation includes a 32-bit down counter also 
using 4-6 GasP in TSMC 90n technology. The cycle time of 
the counter was 390 ps. 
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[0063] The one-hot encoding uses one Wire per state. Fur 
thermore, each state transition maps to a GasP module With 
tWo in-out ports, one for each of the neighboring cells. The 
next section explores a state encoding that uses multiple Wires 
per state. 

[0064] When each state is encoded by tWo Wires instead of 
one, the implementation of each state transition in Table 2 
needs as input the tWo state Wires from each neighbor. In fact, 
all state transitions may be implemented With just one gener 
aliZed GasP module. The idea is to have an implementation 
similar to FIG. 8B, Which represents a generaliZed 2-4 GasP 
module With tWo gate delays in the forWard direction and four 
gate delays in the reverse direction, in accordance With some 
embodiments of the present invention. In order to obtain a 
forward delay of 2 and reverse delay of 4, each rectangle 
represents logic that experiences only 1 gate delay. The 
blocks labeled “pu” represent pull-up logic and the blocks 
labeled “pd” represent pull-doWn logic. The central block 
labeled “?re” implements the ?ring condition, Which depends 
on the state transition and the state encoding in Table 2. The 
other blocks implement the transitions to the correct ?nal 
state by activating the correct pull-up and pull-doWn logic. 
The complexity of each block depends on the chosen state 
encoding. FIG. 8C represents a generaliZed 4-6 GasP module 
With four gate delays in the forward direction and six gate 
delays in the reverse direction, in accordance With some 
embodiments of the present invention. 

[0065] To illustrate the idea, consider the encoding of Table 
3 that uses only tWo Wires, viZ., W0 and W1, in accordance 
With some embodiments of the present invention. The state 
encoding of Table 3 leads to the folloWing ?ring rules and 
implementation rules for pull-up and pull-doWn blocks for a 
GasP module. 

TABLE 3 

State encoding using tWo Wires 

bit 

value W0 W 1 

EMPTY 

S0 

S1 

S2 

[0066] Notice that in this state assignment, LSNO and 
LSNl are only pulled up, and MSNO and MSNl are only 
pulled loW. Table 4 leads to the folloWing conditions for 
pulling doWn MSNO and MSNl and pulling up LSNO and 
LSNl in accordance With some embodiments of the present 
invention. 

[0067] ?re:('| LSNOA'| LSN1)A(MSN0 v MSNl) 
[0068] pull doWn MSNOI?reA“ MSNl 
[0069] pull doWn MSN1I?reAMSNO 
[007 0] pull up LSNOI?reAMSNO 
[0071] pull up LSN1:?re 
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TABLE 4 

State transitions With neW state encoding 

Before ?ring After ?ring 

MSN LSN MSN LSN 

EMPTY = 01 S0 = 00 EMPTY = 01 EMPTY = 01 

S1=1O SO=OO SO=OO S2=11 
S2=11 SO=OO S1=1O S2=11 
SO=OO SO=OO SO=OO SO=OO 

[0072] The 2-4 GasP implementation appears in FIG. 9 in 
accordance With some embodiments of the present invention. 
A 4-6 GasP implementation appears in FIG. 10 in accordance 
With some embodiments of the present invention. 
[0073] The end cell is alWays in state EMPTY. The imple 
mentation is simple: during loading, the system sets the state 
of the end cell to EMPTY by initialiZing the tWo state Wires 
WOW 1 to 01. The next section discusses the loading of the cells 
and initialiZation. A complete implementation of a 2-bit 
counter With generaliZed GasP modules appears in FIG. 11 in 
accordance With some embodiments of the present invention, 
Where each GasP module is implemented as in FIG. 9 or FIG. 
10. 
[0074] In the implementation for the one-hot state encod 
ing, to the speci?cation includes the loading of the count 
value With an explicit load action. In that speci?cation, the 
counter can be loaded With a neW value only When the 
EMPTY state has been reached. In a number of applications, 
it may be convenient to load the counter in other states as Well. 
For this reason the implementation alloWs the loading of a 
neW value at any quiescent state. 
[0075] The loading of a neW value is similar to the initial 
iZation of the counter, but instead of initialiZing the counter to 
one state only, the counter can be initialiZed to any state. The 
initialization and loading of the counter consists of ?rst dis 
abling the ?ring of the GasP modules and then setting the state 
Wires to the proper value. Disabling the ?ring of the GasP 
module can be done by adding an extra input “enable” to the 
OAI gate similar to the extra input to the NAND gate in FIG. 
6. The state Wires are initialiZed similar to FIG. 6 by setting 
the keepers to the proper values. 
[0076] An advantage of the state encoding using multiple 
state Wires per state, instead of a one-hot encoding, is that 
there Will be feWer keepers and less initialization circuitry. A 
further advantage of this state encoding is that the system can 
use half-keepers at the pull-up and pull-doWn transistors, 
because one side of each state Wire Will only pull up the state 
Wire and the other side Will only pull doWn the state Wire. 
Because the system does not need to overdrive half-keepers, 
the use of half-keepers Will result in loWer poWer consump 
tion. 
[0077] To guarantee correctness, there are several restric 
tions that apply to implementations using a state encoding 
With multiple Wires. 
[0078] First, there are the delay constraints. Assume that 
each gate experiences about the same delay. This delay con 
straint also applies to traditional GasP circuits. In the gener 
aliZed GasP implementations, When you connect a state Wire 
to a conditional input in the pull-up logic or the pull-doWn 
logic, there are some additional delay constraints. Each loop 
must have three gate delays, When using 2-4 GasP, or ?ve gate 
delays, When using 4-6 GasP. Furthermore, each path from 
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MSN to LSN must have tWo gate delays in 2-4 GasP (and four 
gate delays in 4-6 GasP), and each path from LSN to MSN 
must have four gate delays in 2-4 GasP (and six gate delays in 
4-6 GasP). 
[0079] Second, there is the condition that state transitions 
must be nearly instantaneous. In case multiple Wires encode a 
state and only one Wire changes in a state transition, then the 
state transition can be considered instantaneous. If, hoWever, 
multiple Wires change in a state transition, all Wires must 
change at nearly the same time, such that any neighbor 
observes a single state transition rather than a sequence of 
state transitions. Non-instantaneous state transitions may 
cause a malfunction. For example, When a state must change 
from 80:00 to S2:11 and the state Wires do not change 
simultaneously, then the neighboring cell may observe ?rst 
state EMPTYIOl and then state S2:11, or ?rst state 81:10 
and then state S2:1 1 . If the duration of the intermediate state 
is long enough, a malfunction may occur in the neighboring 
cell. 

[0080] The dif?culty of meeting the requirement of instan 
taneous state changes depends on the choice of state encoding 
and the dif?culty of meeting the delay requirements in the 
implementation. As for the state encoding, note that the one 
hot assignment satis?es the requirement that state changes are 
instantaneous, since only a single state Wire becomes active in 
each state transition. It may be possible to ?nd other state 
encodings such that only a single state Wire changes in each 
state transition. As for the delay requirement, making sure 
that all state Wires change nearly simultaneously may be done 
by ensuring that the last signal to enable the pull-up and 
pull-doWn transistors is alWays the ?re signal. 
[0081] Because of these delay constraints and the require 
ment that state transitions must be instantaneous, the imple 
mentation of FIG. 11 is less robust than the one-hot imple 
mentation of FIG. 4. 

[0082] When using a general state encoding rather than a 
one-hot state encoding, there can be large area savings if the 
number of states is large and there are relatively feW state 
transitions. The area savings for our example, hoWever, is 
small, if any. Although the area is determined more by the 
actual siZes of the gates, note that the implementation of FIG. 
9 has 1 OAl gate, 7 inverters, 1 buffer, and 4 NMOS and 3 
PMOS transistors per cell. Our one-hot implementation has 4 
NAND gates, 8 inverters, and 4 PMOS and 4 NMOS transis 
tors per cell. 

[0083] The settling time after a load action is the time 
needed before the ?rst doWn action can be performed. The 
Worst-case settling time occurs When you load a 0 into the 
counter and the bit value E has to propagate from the end cell 
to the ?rst cell. Thus, the settling time in the Worst case may 
take a time proportional to the number of bits in the counter. 
During the design phase, you may Want to make this Worst 
case settling time as short as possible. For this reason, the 
system uses a forWard delay of tWo gate delays, instead of 
four gate delays, for the implementation of the 2-4 GasP 
modules. The average-case settling time, hoWever, is only 
tWice the forWard delay of a cell, if you do a broadcast load. 

[0084] Once the counter is counting doWn, each decrement 
can be done Within the cycle time of the counter. 

[0085] The poWer consumption of the counter is very loW. 
Notice that for each cell and for each tWo communication 
actions With the less signi?cant neighbor, there is at most one 
communication action With the more signi?cant neighbor. 
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This property guarantees that the poWer consumption of the 
counter per decrement is bounded by a constant. 
[0086] A 6-4 GasP version of the counter has been imple 
mented as in FIGS. 4A-4D in 90 nm TSMC as part ofa chip. 
The cycle time of this counter is 390 ps and poWer consump 
tion per decrement is around 0.7 p]. A 2-4 GasP version has 
also been simulated using a state encoding as in FIG. 11. The 
cycle time from back-annotated layout of this counter is 76 
ps. 
[0087] Kessels’s doWn counter is a convenient doWn 
counter When it comes to implementing ?nite repetitions. It is 
simple, easy to explain, and can achieve a fast cycle time of 
six gate delays. The counter has a Worst-case settling time 
proportional to the number of bits, but a constant average 
settling time of around four gate delays When using 2-4 GasP 
and a broadcast load. The average poWer consumption per 
decrement is also constant. 

[0088] One difference betWeen our implementations and 
synchronous implementations is the absence of a clock, 
Which results in a loWer poWer consumption. In fact, dynamic 
poWer is only consumed When a decrement occurs. When 
there are no decrements, our asynchronous doWn counter 
consumes no dynamic poWer. Other differences betWeen our 
implementations and Kessels’s asynchronous implementa 
tion is that our implementations are based on GasP, have a 
smaller cycle time, a smaller settling time, and consume less 
poWer, Whereas Kessels’s counter is based on silicon compi 
lation from the language Tangram to a standard cell imple 
mentation. 
[0089] The state encodings using multiple state Wires can 
potentially save much area over the one-hot state encodings. 
There are, hoWever, some restrictions that need to be satis?ed 
as has been already explained. 
[0090] The above description is presented to enable any 
person skilled in the art to make and use the embodiments. 
Various modi?cations to the disclosed embodiments Will be 
readily apparent to those skilled in the art, and the general 
principles de?ned herein are applicable to other embodiments 
and applications Without departing from the spirit and scope 
of the present disclosure. Thus, the present invention is not 
limited to the embodiments shoWn, but is to be accorded the 
Widest scope consistent With the principles and features dis 
closed herein. 
[0091] The data structures and code described in this dis 
closure can be partially or fully stored on a computer-readable 
storage medium and/or a hardWare module and/or hardWare 
apparatus. A computer-readable storage medium includes, 
but is not limited to, volatile memory, non-volatile memory, 
magnetic and optical storage devices such as disk drives, 
magnetic tape, CDs (compact discs), DVDs (digital versatile 
discs or digital video discs), or other media, noW knoWn or 
later developed, that are capable of storing code and/or data. 
HardWare modules or apparatuses described in this disclosure 
include, but are not limited to, application-speci?c integrated 
circuits (ASlCs), ?eld-programmable gate arrays (FPGAs), 
dedicated or shared processors, and/or other hardWare mod 
ules or apparatuses noW knoWn or later developed. 

[0092] The methods and processes described in this disclo 
sure can be partially or fully embodied as code and/or data 
stored in a computer-readable storage medium or device, so 
that When a computer system reads and executes the code 
and/or data, the computer system performs the associated 
methods and processes. The methods and processes can also 
be partially or fully embodied in hardWare modules or appa 
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ratuses, so that When the hardware modules or apparatuses are 
activated, they perform the associated methods and pro 
cesses. 

[0093] Note that the methods and processes can be embod 
ied using a combination of code, data, and hardWare modules 
or apparatuses. The foregoing descriptions of embodiments 
of the present invention have been presented only for pur 
poses of illustration and description. They are not intended to 
be exhaustive or to limit the present invention to the forms 
disclosed. Accordingly, many modi?cations and variations 
Will be apparent to practitioners skilled in the art. Addition 
ally, the above disclosure is not intended to limit the present 
invention. The scope of the present invention is de?ned by the 
appended claims. 

What is claimed is: 
1. An asynchronous doWn counter, comprising: 
an array of cells, Wherein each cell in the array is con?g 

ured to hold a digit in a redundant base-k representation 
of a number contained in the array of cells; 

Wherein each cell comprises a ?nite state machine that 
de?nes state transitions betWeen states, Wherein states 
are held on Wires and state transitions are synchroniZed 
betWeen adjacent cells; and 

Wherein each cell is con?gured to asynchronously borroW 
from a more signi?cant adjacent cell to increase a value 
of a digit in the cell, Wherein the asynchronous borroW 
ing improves performance by ensuring that a decrement 
operation, Which decrements a digit in a least signi?cant 
cell in the array, Will borroW from an adjacent more 
signi?cant cell, Without having to Wait for the comple 
tion of a rippling sequence of borroWs from more sig 
ni?cant cells. 

2. The asynchronous doWn counter of claim 1, Wherein 
each digit in the redundant base-k representation of a number 
is a redundant base-2 digit. 

3. The asynchronous doWn counter of claim 1, further 
comprising a loading circuit con?gured to load a number N 
into the array of cells. 

4. The asynchronous doWn counter of claim 1, Wherein the 
?nite state machine in each cell is con?gured to encode each 
state on a single Wire. 

5. The asynchronous doWn counter of claim 1, Wherein the 
?nite state machine in each cell is con?gured to encode each 
state on multiple Wires. 

6. The asynchronous doWn counter of claim 1, Wherein 
each cell includes a GasP module that implements one or 
more state transitions for the cell. 

7. The asynchronous doWn counter of claim 6, Wherein the 
GasP module is implemented by a 2-4 GasP circuit, Wherein 
the circuit has tWo gate delays in the forWard direction and 
four gate delays in the reverse direction, and Wherein the 
circuit has a cycle time of six gate delays. 

8. The asynchronous doWn counter of claim 1, Wherein a 
state Wire is maintained at a current state by a keeper circuit 
When the Wire is not actively driven. 

9. A method for operating a doWn counter, comprising: 
receiving an input, Wherein the input is n digits in length 

and Wherein each digit is a base-k digit; 
storing the input into an array of cells; 
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at each cell in the array, borroWing asynchronously from a 
more signi?cant adjacent cell to increase a value of the 
digit in the cell; and 

iteratively decrementing the contents of the array, Wherein 
each iteration involves: 
decrementing a least signi?cant cell; and 
Wherein the asynchronous borroWing concurrently dec 

rements more signi?cant cells in the array. 
10. The method of claim 9, Wherein each digit in the redun 

dant base-k representation of a number is a redundant base-2 
digit. 

11. The method of claim 9, Wherein each cell includes a 
GasP module that implements one or more state transitions 
for the cell. 

12. The method of claim 9, Wherein a Wire is maintained at 
a current state by a keeper circuit When the Wire is not actively 
driven. 

13 . A computer system for counting iterations, comprising: 
a processor; 
a memory; and 
a doWn counter con?gured as an array of cells, Wherein 

each cell in the array is con?gured to hold a digit in a 
redundant base-k representation of a number contained 
in the array of cells; 
Wherein each cell comprises a ?nite state machine that 

de?nes state transitions betWeen states, Wherein states 
are held on Wires and state transitions are synchro 
niZed betWeen adjacent cells; and 

Wherein each cell is con?gured to asynchronously bor 
roW from a more signi?cant adjacent cell to increase a 
value of a digit in the cell, Wherein the asynchronous 
borroWing improves performance by ensuring that a 
decrement operation, Which decrements a digit in a 
least signi?cant cell in the array, Will borroW from an 
adjacent more signi?cant cell, Without having to Wait 
for the completion of a rippling sequence of borroWs 
from more signi?cant cells. 

14. The computer system of claim 13, Wherein each digit in 
the redundant base-k representation of a number in the doWn 
counter is a redundant base-2 digit. 

15. The computer system of claim 13, Wherein the doWn 
counter further comprises a loading circuit con?gured to load 
a number N into the array of cells. 

16. The computer system of claim 13, Wherein the ?nite 
state machine in each cell of the doWn counter is con?gured to 
encode each state on a single Wire. 

17. The computer system of claim 13, Wherein the ?nite 
state machine in each cell of the doWn counter is con?gured to 
encode each state on multiple Wires. 

18. The computer system of claim 13, Wherein each cell of 
the doWn counter includes a GasP module that implements 
one or more state transitions for the cell. 

19. The computer system of claim 18, Wherein the GasP 
module is implemented by a 2-4 GasP circuit, Wherein the 
circuit has tWo gate delays in the forWard direction and four 
gate delays in the reverse direction, and Wherein the circuit 
has a cycle time of six gate delays. 

20. The computer system of claim 13, Wherein a state Wire 
is maintained at a current state by a keeper circuit When the 
Wire is not actively driven. 

* * * * * 


