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ABSTRACT 

An asynchronous circuit having a pipelined completion 
mechanism to achieve improved throughput. 

Stage 
‘k+ 7 

N/2-bit 
Datapath 

Stage 
k+2 

N/2-bit 
Datapath 



Patent Application Publication Jul. 24, 2003 Sheet 1 0f 8 US 2003/0140214 A1 

'- ____ ____‘___| F ________________ ‘T 

{ 114\ 7— i : 124\ —0 i 
I | l I Control part 4_l_ m ; Control part : 
: CA : T \ CB I 

' A. I 

I } 140} 128 : 
I 
: 116——>x : l l i 

I 1 g y : 
I v : t : 
' l x | 

1 Register ' I Register : 

1 pa???‘ ‘Liam > "8558 : i _ l 130 l _ 126 : 

: I 1 t 
| A t i B I 

wackO 
wack, 

WHCkZ 
wack3 

wack,,_2 
wack,,_1 

' FIG. 2 

(PRIOR ART) > 



Patent Application Publication Jul. 24, 2003 Sheet 2 0f 8 US 2003/0140214 A1 

310 320 
f a [312 A f 

A B 

b \322 

FIG. 3A 

330 320 f3 70 a 1 a2 / 

A 4 V Buffer ' B 

111 ' 02 

FIG. 3B 

, a1 32 

A B . 

b1 b2 

FIG. 3C 



Patent Application Publication Jul. 24, 2003 Sheet 3 0f 8 US 2003/0140214 A1 

47 

X 3 Register 4m Register v 
53/1 I H38 

1 
I ‘ [a3 4220 

| 
l 

l I I 

‘F4720 [40101 I [4020 ' 
l : 403%4 " 

X4 ' . Re ister ' 

Register 8-bit Data 3 r = 
4A I 48 

l 4220 
4 l @4 5 
‘ W | ‘ | 

‘ A | | B 



Patent Application Publication Jul. 24, 2003 Sheet 4 0f 8 US 2003/0140214 A1 

Control part 
0 A 

copy tree 

Ct1 Ctk 
FIG. 6 



Patent Application Publication Jul. 24, 2003 Sheet 5 0f 8 

‘N-bit Datapath 
(N=mn) 

Stage 

I FIG. 7A 

n-bit Datapath 

n-bit Datapath 

n-bit Datapath H M ii 
n-bit Datapath 

Stage 
'k+ 1 

Pros/gang n-bitDatapath> HOBO/airing 
Haggai/1g n-bitDatapath> Frog/331W 

Frog/Being n-bitDatapath> Frog/iffy 

Hog/211mg n-bitDatapath> PmBClffCi/"g 
Stage k Stage k+1 

US 2003/0140214 A1 

Datapath/ 

FIG. 7B 

Datapath / 

Stage 
k+2 



Patent Application Publication Jul. 24, 2003 Sheet 6 0f 8 

processing 
block 

processing 
block 

processing 
block 

processing 
block 

processing 
block 

Control 
Circuit 

processing 
block 

FIG. 8 

processing 
block 

processing 
block 

US 2003/0140214 A1 



Patent Application Publication Jul. 24, 2003 Sheet 7 0f 8 US 2003/0140214 A1 

Leaves 

FIG. 9A 

O Leaves 

Root ' 

FIG. 9B 



Patent Application Publication Jul. 24, 2003 Sheet 8 0f 8 US 2003/0140214 A1 

FIG. 9C 

FIG. 90 



US 2003/0140214 A1 

PIPELINED COMPLETION FOR ASYNCHRONOUS 
COMMUNICATION 

[0001] This application is a continuation-in-part of US. 
application Ser. No. 09/118,140, ?led on Jul. 16, 1998 and 
claims the bene?t of US. provisional application No. 
60/058,662, ?led on Sep. 12, 1997. The disclosure of the 
above tWo applications is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to information pro 
cessing, and more speci?cally to architecture and operation 
of asynchronous circuits and processors. 

BACKGROUND 

[0003] Many information processing devices operate 
based on a control clock signal to synchroniZe operations of 
different processing components and therefore are usually 
referred to as “synchronous” processing devices. In general, 
different processing components may operate at different 
speeds due to various factors including the nature of differ 
ent functions and different characteristics of the components 
or properties of the signals processed by the components. 
Synchronization of these different processing components 
requires the speed of the control clock signal to accommo 
date the sloWest processing component. Thus, some pro 
cessing components may complete respective operations 
earlier than other sloW components and have to Wait until all 
processing components complete their operations. Although 
the speed of a synchronous processor can be improved by 
increasing the clock speed to a certain eXtent, synchronous 
processing is not an ef?cient Way of utiliZing available 
resources. 

[0004] An alternative approach, pioneered by Alain Mar 
tin of California Institute of Technology, eliminates synchro 
niZation of different processing components according to a 
clock signal. Different processing components simply oper 
ate as fast as permitted by their structures and operating 
environments. There is no relationship betWeen a clock 
speed and the operation speed. This obviates many technical 
obstacles in a synchronous processor and can be used to 
construct an “asynchronous” processor With a much simpli 
?ed architecture and a fast processing speed that are dif?cult 
to achieve With synchronous processors. 

[0005] US. Pat. No. 5,752,070 to Martin and Burns dis 
closes such an asynchronous processor, Which is incorpo 
rated herein by reference in its entirety. This asynchronous 
processor goes against the conventional Wisdom of using a 
clock to synchroniZe various components and operations of 
the processor and operates Without a synchroniZing clock. 
The instructions can be eXecuted as fast as the processing 
circuits alloW and the processing speed is essentially limited 
only by delays cased by gates and interconnections. 

[0006] Such an asynchronous processor can be optimiZed 
for high-speed processing by special pipelining techniques 
based on unique properties of the asynchronous architecture. 
Asynchronous pipelining alloWs multiple instructions to be 
eXecuted at the same time. This has the effect of eXecuting 
instructions in a different order than originally intended. An 
asynchronous processor compensates for this out-of-order 
eXecution by maintaining the integrity of the output data 
Without a synchroniZing clock signal. 
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[0007] Asynchronous processor relies on the control clock 
signal to indicate When an operation of a component is 
completed and When the neXt operation of another compo 
nent may start. By eliminating such synchroniZation of a 
control clock, a pipelined processing component in an 
asynchronous processor, hoWever, generates a completion 
signal instead to inform the previous processing component 
the completion of an operation. 

[0008] For eXample, assume P1 and P2 are tWo adjacent 
processing components in an asynchronous pipeline. The 
component P1 receives and processes data X to produce an 
output Y. The component P2 processes the output Y to 
produce a result Z. At least tWo communication channels are 
formed betWeen P1 and P2: a data channel that sends Y from 
P1 to P2 and a request/acknowledgment channel by Which 
P2 acknowledges receiving of Y to P1 and requests the neXt 
Y from P1. The messages communicated to P1 via the 
request/acknowledgment channel are produced by P2 
according to a completion signal internal to P2. 

[0009] Generation of this completion signal can introduce 
an eXtra delay that degrades the performance of the asyn 
chronous processor. Such eXtra delay is particularly prob 
lematic When operations of a datum are decomposed into 
tWo or more concurrent elementary operations on different 
portions of the datum. Each elementary operation requires a 
completion signal. The completion signals for all elementary 
operations are combined into one global completion signal 
that indicates completion of operations on that datum. 
Hence, a completion circuit (“completion tree”) is needed to 
collect all elementary completion signals to generate that 
global completion signal. The complexity of such a comple 
tion tree increases With the number of the elementary 
completion signals. 

[0010] When not properly implemented, the eXtra delays 
of a completion tree can signi?cantly offset the advantages 
of an asynchronous processor. Therefore, it is desirable to 
reduce or minimize the delays in a completion tree. 

SUMMARY 

[0011] The present disclosure provides a pipelined 
completion tree for asynchronous processors. A high 
throughput and a loW latency can be achieved by decom 
posing any pipeline unit into an array of simple pipeline 
blocks. Each block operates only on a small portion of the 
datapath. Global synchroniZation betWeen stages, When 
needed, is implemented by copy trees and slack matching. 

[0012] More speci?cally, one Way to reduce the delay in 
the completion tree uses asynchronous pipelining to decom 
pose a long critical cycle in a datapath into tWo or more short 
cycles. One or more decoupling buffers may be disposed in 
the datapath betWeen tWo pipelined stages. Another Way to 
reduce the delay in the completion tree is to reduce the delay 
caused by distribution of a signal to all N bits in an N-bit 
datapath. Such delay can be signi?cant When N is large. The 
N-bit datapath can also be partitioned into m small datapaths 
of n bits (N=m><n) that are parallel to one another. These m 
small datapaths can transmit data simultaneously. Accord 
ingly, each N-bit processing stage can also be replaced by m 
small processing blocks of n bits. 

[0013] One embodiment of the asynchronous circuit uses 
the above tWo techniques to form a pipelined completion 
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tree in each stage to process data Without a clock signal. This 
circuit comprises a ?rst processing stage receiving an input 
data and producing a ?rst output data, and a second pro 
cessing stage, connected to communicate With said ?rst 
processing stage Without prior knowledge of delays associ 
ated With said ?rst and second processing stages and to 
receive said ?rst output data to produce an output. Each 
processing stage includes: 

[0014] a ?rst register and a second register connected 
in parallel relative to each other to respectively 
receive a ?rst portion and a second portion of a 
received data, 

[0015] a ?rst logic circuit connected to said ?rst 
register to produce a ?rst completion signal indicat 
ing Whether all bits of said ?rst portion of said 
received data are received by said ?rst register, 

[0016] a second logic circuit connected to said sec 
ond register to produce a second completion signal 
indicating Whether all bits of said second portion of 
said received data are received by said second reg 
ister, 

[0017] a third logic circuit connected to receive said 
?rst and second completion signals and con?gured to 
produce a third completion signal to indicate Whether 
all bits of said ?rst and second portions of said 
received data are received by said ?rst and second 
registers, 

[0018] a ?rst buffer circuit connected betWeen said 
?rst logic circuit and the third logic circuit to pipe 
line said ?rst and third logic circuits, and 

[0019] a second buffer circuit connected betWeen 
said second logic circuit and the third logic circuit to 
pipeline said second and third logic circuits 

[0020] These and other aspects and advantages Will 
become more apparent in light the folloWing accompanying 
draWings, the detailed description, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 shoWs tWo communicating processing 
stages in an asynchronous pipeline circuit based on a quasi 
delay-intensive four-phase handshake protocol. 

[0022] FIG. 2 shoWs a prior-art completion tree formed by 
tWo-input C-elements. 

[0023] FIG. 3A is a simpli?ed diagram shoWing the 
asynchronous pipeline in FIG. 1. 

[0024] FIG. 3B shoWs an improved asynchronous pipe 
line With a decoupling buffer connected betWeen tWo pro 
cessing stages. 

[0025] FIG. 3C shoWs one implementation of the circuit 
of FIG. 3D using a C-element as the decoupling buffer. 

[0026] FIG. 4 shoWs an asynchronous circuit implement 
ing a pipelined completion tree and a pipelined distribution 
circuit in each processing stage. 

[0027] FIG. 5 shoWs a copy tree circuit. 

[0028] 
FIG. 5. 

FIG. 6 shoWs one embodiment of the copy tree in 
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[0029] FIG. 7A is a diagram illustrating decomposition of 
an N-bit datapath of an asynchronous pipeline into tWo or 
more parallel datapaths With each having a processing block 
to process a portion of the N-bit data. 

[0030] FIG. 7B is a diagram shoWing different datapath 
structures at different stages in an asynchronous pipeline. 

[0031] FIG. 7C shoWs a modi?ed circuit of the asynchro 
nous pipeline in FIG. 7A Where a processing stage is 
decomposed into tWo pipelined small processing stages to 
improve the throughput. 

[0032] FIG. 8 shoWs an asynchronous circuit having a 
control circuit to synchroniZe decomposed processing 
blocks of tWo different processing stages. 

[0033] FIG. 9A shoWs a balanced binary tree. 

[0034] FIG. 9B shoWs a skeWed binary tree. 

[0035] FIG. 9C shoWs a 4-leaf skeWed completion tree. 

[0036] FIG. 9D shoWs a 4-leaf balanced completion tree. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0037] The asynchronous circuits disclosed herein are 
quasi delay-insensitive in the sense that such circuits do not 
use any assumption on, or knoWledge of, delays in most 
operators and Wires. One of various implementations of such 
quasi-delay-insensitive communication is a four-phase pro 
tocol for communication betWeen tWo adj acent processing 
stages in an asynchronous pipeline. This four-phase protocol 
Will be used in the folloWing to illustrate various embodi 
ments and should not be construed as limitations of the 
invention. 

[0038] FIG. 1 is a block diagram shoWing the implemen 
tation of the four-phase protocol in an asynchronous pipe 
line. TWo adjacent stages (or processing components) 110 
(“A”) and 120 (“B”) are connected to send an N-bit data 
from the ?rst stage 110 to the second stage 120 via data 
channels 130. Acommunication channel 140 is implemented 
to send a request/acknowledgment signal “ra” by the second 
stage 120 to the ?rst stage 110. The signal ra either requests 
data to be sent or acknowledges reception of data to the ?rst 
stage 110. The processing stages 110 and 120 are not clocked 
or synchroniZed to a control clock signal. 

[0039] The ?rst stage 110 includes a register part R A, 112, 
and a control part “C A”, 114. The register part 112 stores 
data to be sent to the second stage 120. The control part 114 
generates an internal control parameter “X”116 to the data 
channels 130, e.g., triggering sending data or resetting the 
data channels. The control part 114 also controls data 
processing in the ?rst stage 110 Which generates the data to 
be sent to the second stage 120. The second stage 120 
includes a register part 122 that stores received data from 
register part 112, a control part “CB”, 124, that generates the 
request/acknowledgment signal ra over the channel 140 and 
controls data processing in the second stage, and a comple 
tion tree 126 that connects the register part 122 and the 
control part 124. 

[0040] The completion tree 126 is a circuit that checks the 
status of the register part 122 and determines Whether the 
processing of the second stage 120 on the received data from 
the ?rst stage 110 is completed. An internal control param 
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eter “y”128 is generated by the completion tree 126 to 
control the operation of the control part 224. 

[0041] One possible four-phase handshake protocol is as 
folloWs. When the completion tree 126 detects that the 
second stage 120 has completed processing of the received 
data and is ready to receive the neXt data from the ?rst stage 
110, a request signal is generated by the control part 124 in 
response to a value of the control parameter y (128) and is 
sent to the control part 114 via the channel 140 to inform the 
?rst stage 110 that the stage 120 is ready to receive the neXt 
data. This is the “request” phase. 

[0042] Next, in a data transmission phase, the ?rst stage 
110 responds to the request by sending out the neXt data to 
the second stage 120 via the data channels 130. More 
speci?cally, the control part 114 processes the request from 
the control part 124 and instructs the register part 112 by 
using the control parameter X (116) to send the neXt data. 

[0043] An acknoWledgment phase folloWs. Upon comple 
tion of receiving the data from the ?rst stage 110, the 
completion tree 126 changes the value of the control param 
eter y (128) so that the control part 124 produces an 
acknoWledgment signal via the channel 140 to inform the 
?rst stage 110 (i.e., the control part 114) of completion of the 
data transmission. 

[0044] Finally, the control part 114 changes the value of 
the control parameter X (116) Which instructs the register 
part 112 to stop data transmission. This action resets the data 
channels 130 to a “neutral” state so that the neXt data can be 
transmitted When desired. In addition, the completion tree 
126 resets the value of the control parameter y to the control 
part 124 to produce another request. This completes an 
operation cycle of request, data transmission, acknoWledg 
ment, and reset. 

[0045] No clock signal is used in the above communica 
tion protocol. Each processing component or stage operates 
as fast as possible to complete a respective processing step 
and then proceeds to start the neXt processing step. Such 
asynchronous pipelined operation can achieve a processing 
speed, on average, higher than that of a synchronous opera 
tion. 

[0046] Since the operation is asynchronous, the binary 
data should be coded With delay-insensitive codes. One 
simple Way of coding data in a delay-insensitive manner is 
a “dual-rail” code in Which each bit is encoded on tWo Wires. 
Another delay-insensitive code is a 1-of-N code in Which 
one rail is raised for each bit value of the data. See, e.g., US. 
Pat. No. 3,290,511. Adelay-insensitive code is characteriZed 
by the fact that the data rails alternate betWeen a neutral state 
that doesn’t represent a valid encoding of a data value, and 
a valid state that represents a valid encoding of a data value. 
See, Alain J. Martin, “Asynchronous Data paths and the 
Design of an Asynchronous Adder” in Formal Methods in 
System Design, 1:1, KluWer, 117-137, 1992. 

[0047] The above four-phase protocol can be broken doWn 
into a set phase and a rest phase. The set phase includes the 
sequence of transitions performed in the request phase and 
the transmission phase (assuming that all Wires are initially 
set loW): 
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[0048] Each transition is a process Where a signal (e.g., ra, 
X, D, or y) changes its value. The reset phase includes the 
sequence of transitions in the acknowledgment phase and 
the ?nal reset phase: 

[0049] The above operations are eXpressed in the hand 
shake eXpansion (“HSE”) notation as de?ned in the incor 
porated US. Pat. No. 5,752,070. The semicolon indicates 
tWo statements to be eXecuted in sequence; the V1‘ and v], set 

a boolean variable v to true and false, respectively; CT} is the 
concurrent assignment of some bits of C such that the result 
is an appropriate valid value Without any intermediate value 

being valid; and C11 is the concurrent assignment of some 
bits of C such that the result is a neutral value Without any 
intermediate value being neutral. 

[0050] The false value, y], of the completion signal y 
represents completion of processing and instructs the control 
part 124 to send out a request. The true value, y’I‘, represents 
completion of receiving data and instructs the control part 
124 to send out an acknoWledgment. The architecture of the 
completion tree 126 and the generation of the completion 
signals, y], and y’I‘, are noW described in detail. 

[0051] Consider an N-bit datum, D that is transmitted 
from the ?rst stage 110 to the second stage 120. The 
completion signal y’|‘ is generated When all the bits encoded 
into D have been Written into the register 122 from the 
register 112. For each bit bk (k=0, 1, . . . , N-1), a 
Write-acknowledgment signal, Wackk, is generated. When all 
Write-acknowledgment signals are raised, y can be raised to 
produce the completion signal y’I‘. Similarly, Wackk is loW 
ered When the corresponding bit bX is reset to its neutral 
value according to a chosen delay-insensitive protocol. 
Hence, y can be reset to Zero When all Write-acknoWledg 
ment signals are reset to Zero (the neutral value). This can be 
eXpressed as the folloWing: 

WackOA Wack1/\ 

/\ 

[0052] Where the notation “w” represents negation, thus if 
WackO represents a “high”, ?WackO represents a “loW”. 

[0053] The completion tree 126 is constructed and con 
?gured to perform the above logic operations to generate the 
proper completion signals (i.e., either y], and y’I‘). For any 
reasonably large value of N, one conventional implementa 
tion of the completion tree uses a tree of tWo-input C-ele 
ments as shoWn in FIG. 2. The tWo-input C-element (also 
knoWn as Muller C element) is a logic gate Which outputs a 
high or loW only When both inputs are high or loW, respec 
tively, and the output remains unchanged from a previous 
value if the inputs are different from each other. 

[0054] The number of C-elements in FIG. 2 may be 
reduced by using C-elements of more than tWo inputs, such 
as three or even four inputs. HoWever, the eXisting VLSI 
technology limits the number of inputs in such C-elements 
since as the number of p-transistors connected in series to 
form the C-elements increases, the performance of the 
C-elements is usually degraded. In general, the number of 
the inputs of a C-element may be up to 4 With acceptable 
performance. 
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[0055] Measurements show that the type of C-element 
used to construct the completion tree is in general not very 
important. What is important is that Whatever tree is used, 
the delay through the tree is proportional to logN. The delays 
through the tree are roughly a constant for C-elements of tWo 
inputs, three inputs, or four inputs. 

[0056] The tWo communicating components are said to 
complete a “cycle” if, after a sequence of transitions, both 
components return to their respective initial states at the 
beginning of the sequence. For eXample, the set phase and 
the reset phase of transitions in communication betWeen A 
and B shoWn in FIG. 1 form a cycle C: 

[0057] The throughput of an asynchronous system is 
determined by the delay through the longest cycle of tran 
sitions. Such a cycle is called a “critical cycle.” Therefore, 
it is desirable to reduce the critical cycle to improve the 
throughput. 

[0058] For a quasi-delay-insensitive asynchronous system 
in Which any tWo components communicate according to the 
above four-phase protocol, a delay 6c through the sequence 
C is a good estimated loWer-bound for the critical cycle 
delay. 

[0059] For a normal datapath With n=32 or n=64, the 
completion tree delays, 6(y’I‘) and o(y\|,), may be unaccept 
able, if a high throughput is required. For eXample, in the 
Caltech MiniMIPS design, the target throughput in the 
0.6-;4m CMOS technology is around 300 MHZ. The critical 
cycle delay is thus about 3 ns. For a full 32-bit completion 
tree based on the structure shoWn in FIG. 2, the completion 
tree delay is around 1 ns. Hence, one third of the critical 
cycle delay is caused by the completion tree. This is a 
signi?cant portion of the critical delay. 

[0060] The signi?cant contribution to the critical cycle 
delay from the completion tree is a common draWback of 
previous asynchronous systems. To certain eXtent, such a 
limitation has prevented many from developing asynchro 
nous systems as an alternative to the dominating synchro 
nous systems in spite of many advantages of asynchronous 
systems. Hence, it is important to design and con?gure a 
completion tree With a signi?cantly reduced delay to make 
an asynchronous system practical. 

[0061] One Way to reduce the delay in the completion tree 
uses asynchronous pipelining to decompose a long critical 
cycle in a datapath into tWo or more short cycles. FIGS. 3A 
and 3B shoW an eXample of breaking a long critical cycle 
betWeen tWo pipelined stages A and B into tWo short cycles 
by pipelining A and B through a buffer. 

[0062] FIG. 3A shoWs tWo components 310 (A) and 320 
(B) communicate With each other through tWo simple hand 
shake channels 312 (a) and 322 The protocol may 
include the folloWing sequence of transitions: 

AT;aT;BT;bT;Al;ai;Bi;bl 

[0063] Where A’|‘,B’|‘,A\|,,B\|, represent the transitions 
inside A and B. If the delay through this cycle is too long to 
be acceptable (e.g., due to the delays through A and B), a 
simple buffer 330 can be introduced to form an asynchro 
nous pipelining betWeen A and B as in FIG. 3B to reduce 
this long cycle into tWo short cycles. 
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[0065] If the delays of the transitions Bu1’|‘, Bu1], and 
Bu2’|‘, Bu2], are shorter than the delays of A1‘, A], and B1‘, 
B], the above decomposition reduces the length of the 
critical cycle. 

[0066] The tWo handshakes are synchroniZed by the 
buffer, not by a clock signal. The buffer can be implemented 
in various Ways. FIG. 3C shoWs one simple implementation 
that uses a single C-element 340 of tWo inputs a1, b2 and 
tWo outputs a2, b1. The C-element 340 receives the input a1 
and an inverted input of b2 to produce tWo duplicated 
outputs a2, b1. The tWo handshakes are synchroniZed in the 
folloWing Way: 

[0067] This particular buffer alloWs the doWngoing phase 
of Ato overlap With the upgoing phase of B and the upgoing 
phase of A to overlap With the doWngoing phase of B. Such 
overlap reduces the duration of the handshaking process. 

[0068] Therefore, When a decoupling buffer is properly 
implemented, adding additional stages in an asynchronous 
pipeline may not necessarily increase the forWard latency of 
the pipeline and may possibly reduce the forWard latency. 

[0069] The above technique of decomposing a long cycle 
into tWo or more pipelined short cycles can reduce the delay 
along the datapath of a pipeline. HoWever, this does not 
address another delay caused by distribution of a signal to all 
N bits in an N-bit datapath, e.g., controlling bits in a 32-bit 
register that sends out data (e.g., the register 112 in the stage 
110). Such delay can also be signi?cant, specially When N is 
large (e.g., 32 or 64 or even 128). Hence, in addition to 
adding additional pipelined stages along a datapath, an N-bit 
datapath can also be partitioned into m small datapaths of n 
bits (N=m><n) to further reduce the overall delay. These m 
small datapaths are connected parallel to one another and 
can transmit data simultaneously relative to one another. 
Accordingly, the N-bit register of a stage in the N-bit 
datapath can also be replaced by m small registers of n bits. 
The number m and thereby n are determined by the pro 
cessing tasks of the tWo communicating stages. A 32-bit 
datapath, for eXample, can be decomposed into four 8-bit 
blocks, or eight 4-bit blocks, or siXteen 2-bit blocks, or even 
thirty-tWo 1-bit blocks to achieve a desired performance. 

[0070] Therefore, decomposition of a long cycle into tWo 
or more small cycles can be applied to tWo directions: one 

along the pipelined stages by adding decoupling buffers 
therebetWeen and another “orthogonal” direction by decom 
posing a single datapath into tWo or more small datapaths 
that are connected in parallel. 
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[0071] FIG. 4 shows a 32-bit asynchronous pipeline With 
a pipelined completion tree based on the above tWo-dimen 
sional decomposition. Four 8-bit registers 401A, 401B, 
401C, 401D in the sending stage 110 are connected With 
respect to one another in parallel. Accordingly, four 8-bit 
registers 402A, 402B, 402C, 402D in the receiving stage 120 
that respectively correspond to the registers in the sending 
stage 110 are also connected With respect to one another in 
parallel. This forms four parallel 8-bit datapaths. Each 
datapath has an 8-input completion tree (e.g., 403A, etc.), 
and the four completion outputs ctk (k=1, 2, 3, and 4) are 
combined into one 4-input completion tree 420 that pro 
duces a completion signal 421 (ra) for the control 124. This 
accomplishes one half of the tWo-dimensional decomposi 
tion. 

[0072] Decomposition along the datapaths is accom 
plished by using the decoupling buffer shoWn in FIGS. 3B 
and 3C. A completion tree 410 is introduced in the sending 
stage 110 to receive individual request/acknowledge signals 
rak (k=1, 2, 3, and 4) directly from individual 8-bit datapaths 
and thereby to produce a duplicate request/acknowledge 
signal 411 of the request/acknowledge signal 140 produced 
by the control part 124. The control part 114 responds to this 
signal 411 to control the registers 401A, 401B, 401C, and 
401D to send the neXt data. 

[0073] At least tWo decoupling buffers, such as 412A and 
422A, are introduced in each datapath With one in the 
sending stage 110 and another in the receiving stage 120. 
The buffer 412A, for eXample, is disposed on Wires (ct1,ra1) 
to interconnect the control part 114, the completion tree 410, 
register 401A, and the request/acknowledge signal for the 
?rst datapath. The buffer 422A is disposed on Wires (X1, ra1) 
to interconnect the ?rst completion tree 403A, the control 
part 124, the completion tree 420, and the completion tree 
410. 

[0074] Therefore, the completion trees 403A, 403B, 403C, 
and 403D are pipelined to the completion tree 420 via 
buffers 422A, 422B, 422C, and 422D, respectively. Simi 
larly, the completion trees in the stage 110 are also pipelined 
through buffers 412A, 412B, 412C, and 412D. Such pipe 
lined completion signi?cantly reduces the delay in generat 
ing the completion signal for the respective control part. The 
above decoupling technique can be repeated until all 
completion trees have a delay beloW an acceptable level to 
achieve a desired throughput. 

[0075] Additional buffers may be added in each datapath. 
For eXample, buffers 414 and 424 may be optionally added 
on Wires (ra, X) and (ra, y) to decouple the control parts 114 
and 124, respectively. 

[0076] Since decoupling buffers may increase the latency 
of an asynchronous pipeline, a proper balance betWeen the 
latency requirement and the throughput requirement should 
be maintained When introducing such buffers. 

[0077] A stage in an asynchronous circuit usually per 
forms both sending and receiving. One simple example is a 
one-place buffer having a register, an input port L, and an 
output port R. This buffer repeatedly receives data on the 
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port L, and sends the data on the port R. The register that 
holds the data is repeatedly Written and read. 

[0078] It is observed that the completion mechanism for 
the control 114 in the sending stage 110 and the completion 
mechanism for the control 124 in the receiving stage 120 are 
similar in circuit construction and function. Since data is 
almost never read and Written simultaneously, such similar 
ity can be advantageously exploited to share a portion of the 
pipelined completion mechanism betWeen sending data and 
receiving data Within a stage. This simpli?es the circuit and 
reduces the circuit siZe. 

[0079] In particular, distributing the control signals from 
the control part in each stage to data cells and merging the 
signals from all data cells to the control part can be imple 
mented by sharing many circuit elements. In FIG. 4, a 
portion of circuit, a “copy tree” is used in both stages. This 
copy tree is shoWn in FIG. 5. The copy tree includes tWo 
pipelined circuits: a pipelined completion tree circuit for 
sending a completion signal based on completion signals 
from data cells to the global control part in each stage and 
a pipelined distribution circuit for sending control signals 
from the global control part to data cells. 

[0080] FIG. 6 shoWs one embodiment of a copy tree for 
a stage that has k data cells. This, copy tree is used for both 
distributing k control signals from the control part (e.g., 114 
in FIG. 4) to all data cells and merging k signals from all 
data cells to the control part. The signals r1, si are signals 
going to data cells, (léiék), as requests to receive or send. 
The completion signal cti comes from data cell i, as a 
request/acknowledgment signal. One advantage of this copy 
tree is that only one completion tree is needed to perform the 
functions of the tWo completion trees 410 and 420 in FIG. 
4. 

[0081] The copy tree shoWn in FIG. 6 is only an eXample. 
Other con?gurations are possible. In general, a program 
speci?cation of a copy tree for both sending and receiving is 
as folloWs: 

*[C?c;<Hi;l . . . k:Di!c>] 

[0082] Where C is the channel shared With the control, D1 
. . . DX are the channels to each data cell, and c is the value 

encoding the request (receive, send, etc.). The different 
alternatives for the buffer correspond to the different imple 
mentations of the semicolon. 

[0083] In the above circuits, each data cell i contains a 
control part that communicates With a respective copy tree 
through the channel Di. In certain applications, the copy tree 
and the control for each data cell may be eliminated. 

[0084] Consider a data cell i that receives data from a 
channel Li, ands send out data to a channel Ri. Assuming that 
the requests from the copy tree to the data cells are just 
receive (“r”) or send (“s”), a program speci?cation of data 
cell i is: 
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[0085] The program generalizes obviously to any number 
of requests. Again, We have the choice among all possible 
implementations of the semicolon (the buffer betWeen chan 
nel Di and channel Li or Ri). If the sequence of requests is 
entirely deterministic, like in the case of a buffer: r,s,r,s, . . 

. , there is no need for each data cell to communicate With 

a central control process through the copy tree. The ?xed 
sequence of requests can be directly encoded in the control 
of each data cell, thereby eliminating the central control and 
the copy tree. Hence, the control is entirely distributed 
among the data cells. A central control process is usually 
kept When the sequence of send and receive actions in the 
data cells is data dependent. 

[0086] One technique used in FIG. 4 is to decompose the 
N-bit data path into m small datapaths of n bits. Since each 
small datapath handles only a small number of bits of the N 
bits, the data processing logic and the control can be 
integrated together to form a single processing block Without 
having a separate control part and a register. The registers in 
each stage shoWn in FIG. 4 can be eliminated. Therefore, the 
global control part in each stage is distributed into the 
multiple processing blocks in the small datapaths. Without 
the register, the data in each processing block can be stored 
in a buffer circuit incorporated in the processing block. Such 
implementation can usually be accomplished based on 
reshuf?ing of half buffer, precharged half buffer, and pre 
charged full buffer disclosed in US. application Ser. No. 
09/118,140, ?led on Jul. 16, 1998, Which is incorporated 
herein by reference. Reshuffling can be used to advanta 
geously reduce the forWard latency. FIG. 7A shoWs one 
embodiment of an asynchronous circuit by implementing 
multiple processing blocks. 

[0087] In addition, the datapaths betWeen different stages 
in an N-bit asynchronous pipeline may have different data 
path structures to reduce the overall delay. The difference in 
the datapaths depends on the nature and complexity of these 
different stages. One part of the N-bit pipeline, for eXample, 
may have a single N-bit data path While another part may 
have m n-bit datapaths. FIG. 7B shoWs three different 
datapath structures implemented in four pipelined stages. 

[0088] FIG. 7C shoWs another eXample of decomposing a 
long cycle into small cycles based on the circuit in FIG. 7A. 
The pipelined stage Acan be decomposed into tWo pipelined 
stages A1 and A2. Each processing block of the stages A1 
and A2 is simpli?ed compared to the processing block in the 
original stage A. Each stage, A1 or A2, performs a portion 
of the processing task of the original stage A. When A1 and 
A2 are properly constructed, the average throughput of the 
stages A1 and A2 is higher than that of the original stage A. 

[0089] Decomposition of an N-bit datapath into multiple 
small datapaths shoWn in FIG. 7A alloWs each small data 
path to process and transmit a portion of the data. For 
eXample, the ?rst small datapath handles bits 1 through 8, 
the second small datapath handles bits 9 through 18, etc. As 
long as each small datapath can proceed entirely based on its 
oWn portion of the data and independently of other data 
portions, synchroniZation of different small datapaths and a 
global completion mechanism are not needed. This rarely 
occurs in most practical asynchronous processors eXcept 
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some local processing or pure buffering of data. In a pipeline 
Where the data is actually transformed, the pipelined stages 
are often part of a logic unit (e.g., a fetch unit or a decode 

unit). Each processing block in stage k+1 usually need read 
some information from tWo or more different processing 

blocks in the stage k. Hence, the decomposed small datap 
aths need to be synchroniZed relative to one another. 

[0090] One Way to implement such synchroniZation is 
illustrated in FIG. 8. A control circuit is introduced betWeen 
the stage k and stage k+1 to gather global information from 
each processing block of stage k and computes appropriate 
control signals to control the related processing blocks in 
stage k+1. Decomposed datapaths are not shoWn in FIG. 8. 
For eXample, the stage k compares tWo 32-bit numbers A 
and B and the operations of the stage k+1 depends on the 
comparison result. The control circuit produces a control 
signal indicating the difference (A-B) based on the signals 
from the decomposed datapaths in the stage k. This control 
signal is then distributed to all decomposed blocks in the 
stage k+1. 

[0091] One aspect of the control circuit is to synchroniZe 
the operations of the tWo stages k and k+1. Similar to the 
connections betWeen the control part 114 and the data cells 
in the stage 110 of FIG. 4, a copy tree can be used to 
connected the control circuit to each of the stages k and k+1. 
To maintain a high throughput and reduce the latency, the 
copy trees are preferably implemented as pipelined comple 
tion circuits. For eXample, each processing block in the stage 
k is connected to a block completion tree for that block. The 
block completion tree is then pipelined to a global comple 
tion tree via a decoupling buffer. The output of the global 
completion tree is then connected to the control circuit. This 
forms the pipelined completion tree in the copy tree that 
connects the stage k to the control circuit. 

[0092] When the control circuit distributes a multi-valued 
control signal to stage k+1, the single control Wire of a basic 
completion tree needs to be replaced With a set of Wires 
encoding the different values of the control signal. The copy 
tree shoWn in FIG. 6 can be eXtended in the case of a 

tWo-valued signal encoded by Wires r and s. 

[0093] The control circuit in FIG. 8 can introduce an eXtra 
delay betWeen the stage k and k+1, in particular since the 
pipelined completion tree used usually has a plurality of 
decoupling buffers. This delay can form a bottleneck to the 
speed of the pipeline. Therefore, it may be necessary in 
certain applications to add buffers in a datapath betWeen the 
stages k and k+1 in order to substantially equaliZe the length 
of different channels betWeen the tWo stages. This technique 
is called “slack matching”. 

[0094] The above pipelined completion circuits are bal 
anced binary tree in Which the distances from the root to 
leaves are a constant. FIG. 9A shoWs a balanced binary tree. 

In general, a tree used in the present invention may not be 
balanced or binary. For eXample, a binary tree can be skeWed 
as shoWn in FIG. 9B. FIG. 9C shoWs a 4-leaf skeWed 

completion tree and FIG. 9D shoWs a balanced 4-leaf 
completion tree. 
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[0095] The above embodiments provide a high throughput 
and a loW latency by decomposing any pipeline unit into an 
array of simple pipeline blocks. Each block operates only on 
a small portion of the datapath. The global completion delay 
is essentially eliminated. Global synchroniZation betWeen 
stages is implemented by copy trees and slack matching. 

[0096] Although only a feW embodiments are disclosed, 
other variations are possible. For example, the control circuit 
in FIG. 8 may be connected betWeen any tWo stages other 
than tWo adjacent stages as shoWn. Also, the number of 
decoupling buffers betWeen tWo stages can be varied. These 
and other variations and modi?cations are intended to be 
encompassed by the folloWing claims. 
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What is claimed is: 
1. A pipelined completion element for a processor, com 

prising: 
a completion process producing a request and receiving 

an acknowledgment that said request has been com 
pleted from each of a plurality of different processes, 
including at least a ?rst process, completing said 
request; and 

a pipelining element, including at least one buffer in said 
pipeline that senses a command for an action to occur 
in said completion process and returns an indication 
that said buffer has received said command. 

* * * * * 


