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(54) INTEGRATED CIRCUIT WITH RELATIVE (57) ABSTRACT 
SENSE INVERSION OF SIGNALS ALONG 
ADJACENT PARALLEL SIGNAL PATHS The relative sense of parallel propagating signals is inverted 

so reduce maximum transit time and transit-time variance. 
An integrated circuit comprises adjacent parallel signal 
paths, each extending from a respective driver to a respec 
tive load. Each signal path includes sense-inverting buffers 
and sense-preserving buffers arranged so that each sense 
inverting buffer on one signal line is immediately adjacent to 
a sense-preserving buffer of the neighboring signal path. 
Signals co-propagating along the tWo signal paths have their 
relative senses inverted at each inter-path pair of adjacent 
buffers. As a result the crosstalk-induced tendencies of 
same-direction transitions to accelerate transition and 
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INTEGRATED CIRCUIT WITH RELATIVE SENSE 
INVERSION OF SIGNALS ALONG ADJACENT 

PARALLEL SIGNAL PATHS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to integrated circuits 
and, more particularly to a design for minimizing crosstalk 
betWeen parallel signal paths in an integrated circuit. A 
major objective of the present invention is to provide for 
higher performance integrated circuits by minimiZing 
crosstalk-induced propagation delays and crosstalk-induced 
variances in propagation times. 

[0002] Much of modern progress is associated With 
advances in computer technology, Which in turn has been 
made possible by continuing advances in integrated-circuit 
manufacturing technology. In particular, the increasing min 
iaturiZation of integrated-circuit features has made possible 
more functionality (as circuit density has increased) and 
greater speeds (in part because signal-path distances have 
diminished). 
[0003] Integrated circuits typically comprise active ele 
ments, such as transistors, and an interconnect structure 
connecting the active elements to achieve the desired func 
tionality. The interconnect structure includes metal conduc 
tors that are electrically isolated from each other, Where 
necessary, by dielectric material such as silicon dioXide. As 
signals can Weaken over long transmission distances, buffers 
(usually inverters) are often spaced along a signal path. As 
is Well known, tWo metal layers spaced from each other by 
dielectric material form a capacitor. Accordingly, neighbor 
ing metal conductors separated by dielectric material are 
capacitively coupled. 

[0004] The capacitive coupling betWeen conductors can 
cause crosstalk, the mutual interference of tWo signals that 
are supposed to be independent. It can take the form of 
transitions in one signal (the aggressor) causing artifacts in 
another signal (the “victim”); the interference can mask, 
distort, or otherWise disturb the intended form of the signal. 

[0005] Crosstalk can also cause propagation delays. Com 
puters often transmit information in binary form in Which 
loW and high logic levels are represented respectively by 
loW and high voltages. Transitions betWeen loW and high 
voltages inherently take some time (in addition to the signal 
transit time from driver to receiver). If a parallel aggressor 
signal undergoes a transition in the opposite direction, the 
transition time for the victim signal increases. For eXample, 
if the aggressor signal transitions from 5 volts to 0 volts 
While the victim signal transitions from 0 volts to 5 volts, 
detection of the later transition Will be delayed relative to a 
detection that Would have occurred had there been no 
transition in the aggressor signal. In effect, the maXimum 
propagation time is increased by the crosstalk. The perfor 
mance of components relying on accurate detection of the 
victim signal must be limited to accommodate this crosstalk 
induced propagation delay. Accordingly, overall circuit per 
formance is impaired by crosstalk-induced propagation 
delay. 

[0006] If the aggressor signal transitions in the same 
direction as the victim signal, the transitions are facilitated 
and propagation time is decreased. If a transition is detected 
sooner than expected, it can interfere With the intended 
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reading of a previous signal level. Thus, the rate at Which 
transitions are encoded into a signal must be kept loW 
enough to ensure that the appropriate bit of information is 
being read. In other Words, crosstalk increases the variance 
(or “timing uncertainty”) of signal propagation—and overall 
circuit performance must be limited to ensure accurate 
readings. 
[0007] In summary, crosstalk betWeen eXtended parallel 
signal paths decreases circuit performance because: 1) the 
maXimum propagation delay is increased; and 2) the vari 
ance of the propagation delay is increased. What is needed 
is a scheme for reducing the performance penalty attribut 
able to such crosstalk. 

SUMMARY OF THE INVENTION 

[0008] The present invention provides for inverting the 
relative sense of parallel signals at least once during transit 
along their common eXtent so that the propagation time 
increases causes by opposing transitions is at least partially 
compensated by propagation time decreases caused by 
same-sense transitions. 

[0009] For eXample, consider tWo parallel signals that 
undergo simultaneous loW-to-high voltage transitions at the 
input to their respective parallel signal paths. Mid-Way along 
the common eXtent of the paths, one of the signals is inverted 
While the other is not so that the transitions are noW 
opposing. In this case, both signals Will undergo a propa 
gation time increase for the ?rst half of the transmission and 
a propagation time decrease for the second half of the 
transmission. Ideally, the increase and decrease Would be 
equal and there Would be no variance in propagation times. 
HoWever, the invention provides an advantage over the prior 
art even Where the increase and decrease are not equal. More 
generally, the signals should have the same sense for at least 
one-third of the common path length and the opposite sense 
for at least a (different) one-third of the common path length. 

[0010] TWo signals have the same relative sense While 
they have their original senses and While both have a sense 
opposite their original senses. TWo signals have different 
relative senses When one signal has its original sense and the 
other has the sense opposite its original sense. Similarly, tWo 
transitions have the same sense if they are both loW to high 
or both high to loW; tWo transitions have the opposite sense 
if one is loW to high and the other is high to loW. 

[0011] The inversion can be achieved by inserting a sense 
inverting buffer (an inverter) midWay along one signal path 
but not along the other. In this case, the inverter Would not 
only invert the relative sense but also introduce a phase 
delay. The phase delay Would move time-aligned transitions 
out of time alignment. Their mutual in?uence Would be 
reduced and thus, the compensation of propagation delay or 
advance Would be reduced. Accordingly, it is preferable that 
the signal paths have the same number of buffers. 

[0012] In a ?rst realiZation of the invention, each sense 
inverting buffer on a signal path is adjacent a sense-preserv 
ing buffer on an adjacent parallel signal path. The parallel 
signal paths can be on the same metal level or on different 
metal levels. Herein, signal paths are adjacent Where there is 
no parallel signal path betWeen them. 

[0013] One signal path can have a sense-inverting buffer 
midWay along its eXtent, While the second signal path can 
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have a sense-preserving buffer adjacent to the sense-invert 
ing buffer. Complementarily, the second signal path can also 
have a sense-inverting buffer adjacent to a sense-preserving 
buffer of the ?rst signal path. Herein, a point or buffer A is 
“adjacent” to a point or buffer B, if it is nearer to B than to 
any driver, load, or other buffer on the same signal path as 
B. “Immediately adjacent” in this conteXt means that a 
projection of A onto the path containing B intersects B. 

[0014] In a second realiZation of the invention, parallel 
signal paths include only sense-inverting buffers, but they 
are staggered so that the inversions along the respective 
signal paths take place at different points along the common 
eXtent of the paths. While this alternative uses the same 
number of buffers for each signal path, the parallel signals 
go in and out of phase in a manner that limits compensation 
of crosstalk induced propagation variances. Thus, the ?rst 
realiZation achieves higher performance at the cost of the 
inclusion of the sense-preserving buffers. 

[0015] By inverting relative sense along With common 
eXtent of parallel signal paths, the maXimum propagation 
delay is reduced, alloWing faster circuit operation. Also, the 
variance in propagation delay is reduced, alloWing more 
precise read timing and thus faster reads. Thus, the invention 
increases performance in tWo different Ways. The perfor 
mance advantages are achieved at minimal cost since only 
the sense of buffers is changed relative to the prior art—no 
additional circuit elements are required. These and other 
features and advantages are apparent from the description 
beloW With reference to the folloWing draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a circuit diagram of an integrated circuit 
incorporating sense-preserving buffers adjacent to sense 
inverting buffers in parallel signal paths in accordance With 
the present invention. 

[0017] FIG. 2 is a circuit diagram of another integrated 
circuit staggered sense-inverting buffers on parallel signal 
paths in accordance With the present invention. 

[0018] FIG. 3 is a How chart of a method of the invention 
practiced in the conteXt of the integrated circuits of FIGS. 
1 and 2. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS. 

[0019] An integrated circuit IC1 comprises parallel adja 
cent signal paths 1S1 and 1S2, as shoWn in FIG. 1. Signal 
path 1S1 eXtends on an upper metal level from a driver 1D1 
to a load 1L1, While signal path 1S2 eXtends on a loWer 
metal level from a driver 1D2 to a load 1L2. Each signal path 
1S1 and 1S2 includes four buffers. Signal path 1S1 includes 
buffers B11, B12, B13, and B14. Signal path 1S2 includes 
buffers B21, B22, B23, and B24. 

[0020] Buffers B12, B14, B21, and B23 are sense-invert 
ing buffers (inverters serving as buffers), While buffers B11, 
B13, B22, and B24 are sense-preserving buffers. Sense 
inverting buffer B21 of signal path 1S2 is adjacent to 
sense-preserving buffer B11; sense-inverting buffer B12 of 
signal path 1S1 is adjacent to sense-preserving buffer B22 of 
signal path 1S2. Sense-inverting buffer B23 of signal path 
1S2 is adjacent to sense-preserving buffer B13 of signal path 
1S1. Sense-preserving buffer B24 of signal path 1S2 is 

Jan. 24, 2002 

adjacent to sense-inverting buffer B14 of signal path 1S1. 
Thus, each sense-preserving buffer is adjacent to a sense 
inverting buffer on the other signal path, and vice versa. 

[0021] Buffers B11-B24 are designed so that they impose 
approximately equal delays on throughgoing signals. 
Accordingly, the phase relationships betWeen signals trans 
mitted along paths 1S1 and 1S2 are substantially main 
tained. 

[0022] The relative-sense of the signals propagating along 
signal paths 1S1 and 1S2 is inverted each time they are 
buffered. For eXample, the signal propagating along signal 
path 1S2 is inverted by its ?rst buffer B21, While signal 
propagating along signal path 151 is not inverted by its ?rst 
buffer B11. Accordingly, since the signals are considered as 
having the same original sense as transmitted by drivers 1D1 
and 1D2, they have opposing senses along the parallel path 
extents from buffer B11 to buffer B12 and from buffer B21 
to buffer B22. 

[0023] The signal propagating along signal path 1S1 is 
input to buffer B12 With its original sense. Buffer B12 is 
sense-inverting, so the signal has the sense opposite its 
original sense. The signal along signal path 1S2 input to 
buffer B22 has a sense opposite to its original sense; this 
opposite sense is preserved by sense-preserving buffer B22. 
Thus, both signals have a sense opposite to their original 
sense as they travel from buffers B12 and B22 to buffers B13 
and B23. Accordingly, the signals have the same relative 
sense along this eXtent. 

[0024] The relative sense is opposite again along the 
eXtent from buffers B13 and B23 to buffers B14 and B24. 
The relative sense is the same again along the eXtent from 
buffers B14 and B24 to loads 1L1 and 1L2. Thus, the relative 
senses are the same over the initial, middle, and end seg 
ments of the signal paths, and inverted over the second and 
fourth segments. So that the signals spend the same amount 
of time having opposite relative senses as they do having the 
same relative sense, the signal path segments at the driver 
and load ends are half as long as the segments that eXtend 
betWeen buffers. 

[0025] In a variation of integrated circuit IC1, the signal 
path segments connected to drivers 1D1 and 1D2 and loads 
1L1 and 1L2 are the same length as the other segments. In 
this case, compensation is less than ideal since the signals 
spend more time having the same relative sense than having 
opposing senses. 

[0026] In another variation, an odd number of buffers is 
used for each signal path. One signal path has an odd number 
of sense-inverting buffers and an even number of sense 
preserving buffers; the other signal path has an even number 
of sense-inverting buffers and an odd number of sense 
preserving buffers. In this case, optimal compensation can 
be achieved With equal segment lengths. HoWever, the 
signals are received With opposing senses. 

[0027] More generally, the invention can provide for any 
number of parallel signal paths. Also, any number of buffers 
can be accommodated for a signal path. Preferably, the 
number of buffers for a signal path is chosen to minimiZe 
propagation delays When neighboring signal paths are qui 
escent. The invention is then applied to minimiZe propaga 
tion delays and variance in non-quiescent conditions. 
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[0028] The invention does not require that the same num 
ber of buffers be used for each signal path. Typically, 
however, parallel signal paths should employ the same pitch 
for arranging buffers to maintain phase relations. When the 
numbers of buffers are equal over entire signal paths or over 
some common eXtent, four cases can be distinguished: 1) the 
number is divisible by four; 2) the number leaves a remain 
der of one When divided by four; 3) the number leaves a 
remainder of tWo When divided by four; and 4) the number 
leaves a remainder of three When divided by four. 

[0029] Where (case 1, e.g., integrated circuit IC1) the 
common number of buffers is four or a multiple thereof, the 
number of sense-inverting buffers can be even and equal to 
the number of sense-preserving buffers. In this case, signals 
eXit the signal paths (or common eXtents thereof) With their 
original senses. To equaliZe the times spent With the same 
relative sense and With the opposing relative sense, end 
segments can be half as long as intermediate signal path 
segments. 

[0030] Where (case 3), dividing the number of buffers by 
four leaves a remainder of tWo, the number of sense 
inverting buffers can be odd and equal to the number of 
sense-preserving buffers per signal path. In this case, signals 
eXit the signal paths With the senses opposing their original 
sense, but With the same relative sense. To equaliZe the times 
spent With the same relative sense and With the opposing 
relative sense, end segments can be half as long as inter 
mediate signal path segments. 

[0031] Where (case 2), dividing the number of buffers by 
four leaves a remainder of one, the numbers of sense 
inverting buffers and sense-preserving buffers are different 
for adjacent signal paths. In one signal path in each signal 
path pair, the number of sense-inverting buffers is even (so 
that the original sense is restored as the path is exited) and 
one less than the number of sense-preserving buffers. In the 
other signal path of the pair, these numbers are reversed so 
that the original sense of the signal is not restored as it eXits 
the signal path. Accordingly, the receiving logic must take 
into account the alternating senses of signals received along 
respective odd and even signal paths. Propagation delay and 
variance can be minimiZed using equal path segment lengths 
throughout the signal paths. 

[0032] Where (case 4), dividing the number of buffers by 
four leaves a remainder of three, the situation is much the 
same as case 2. HoWever, the paths With the larger number 
of sense-inverting buffers have an even number of such 
buffers—so that the original sense is restored at the path eXit. 
Complementarily, the paths With the lesser number of sense 
inverting buffers eXit their signals With a sense opposite the 
original sense. Once again, the receiving logic must take the 
alternating relative senses into account. 

[0033] The invention also provides for omitting sense 
preserving buffers. Accordingly, integrated circuit 2IC com 
prises tWo signal paths 2S1 and 2S2 using only sense 
inverting buffers, as shoWn in FIG. 2. (Integrated circuit 2IC 
is essentially integrated circuit 1IC With its sense-preserving 
buffers removed.) Starting at driver 2D1 and ending at load 
2L1; signal path 2S1 includes tWo sense-inverting buffers 
I11 and I12 and no sense-preserving buffers. Starting at 
driver 2D2 and ending at load 2L2, signal path 2S2 includes 
inverting buffers I21 and I22 and no sense-preserving buff 
ers. HoWever, propagation compensation is non-optimal 
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since the signals along paths 2S1 and 2S2 have their original 
phase relationship only When they have the same relative 
phase. 
[0034] The advantages of integrated circuits 11C and 21C 
are indicated in the folloWing table, Which indicates Hspice 
simulations of propagation delays of a 1 cm metal 3 net. 

Propagation Delay ns Variance 

Buffer Con?guration In Phase Quiescent Opposite At (ns) 

Unstaggered Sense- 0.81 1.13 1.57 0.76 
Inverting Buffers 
(Prior Art) 
Staggered Sense- 1.19 1.25 1.4 0.21 
Inverting Buffers (2IC) 
Alternating Buffers 1.05 1.08 1.23 0.18 

(1IC) 

[0035] Note that both illustrated embodiments of the 
invention have lesser maximal propagation delays; the maXi 
mum delays occur When neighboring signals undergo oppo 
site transitions. In this case, a prior art system With four 
sense-inverting buffers per signal path arranged in a non 
staggered fashion betWeen neighboring signal paths incurs a 
maXimum propagation delay of 1.57 nanoseconds (ns). 
Integrated circuit 21C of FIG. 2 reduces this to 1.4 ns, While 
the preferred embodiment of FIG. 1 reduces this to 1.23 ns. 
In addition, the embodiments of the invention reduce the 
prior art variance of 0.76 ns to 0.21 ns and 0.18 ns respec 
tively. 
[0036] A method M1 of the invention is ?oW-charted in 
FIG. 3. TWo signals are transmitted at step S11 along 
parallel signal paths. In this case, We can assume that the 
signals involve concurrent transitions. One of the signals is 
inverted at step S12, While the other is not. To the eXtent that 
the inverted signal incurs a phase delay, it is preferable that 
the uninverted signal be subjected to an equal delay, e.g., 
imposed by a sense-preserving buffer. 

[0037] If there is only one buffer per signal path, method 
M1 ends as the signals are received at step S14. If there are 
more than one buffer per signal path, method M1 proceeds 
from step S12 to step S13. 

[0038] Step 13 is the same as step S12 eXcept that the 
signal that Was not inverted in the previous step is inverted 
in this step. Likewise, the signal that Was inverted in the 
previous step, is not inverted in this step. Thus, the original 
relative sense is restored. If the buffers involved in step S13 
are the last buffers in the signal paths, method M1 ends at 
step S14 With the signals being received With their original 
relative sense restored. OtherWise, method M1 returns to 
step S12. 

[0039] In general, method M1 involves iterating steps S12 
and S13 until the signals are received. If the number of 
inversions is even, method M1 ends With a transition from 
step S12 to step S14 and the signals are received With their 
original relative sense restored. If the number of inversions 
is odd, method M1 ends With a transition from step S13 to 
step S14 and the signals are received With opposing relative 
senses. 

[0040] In the illustrated embodiments, the signal paths are 
on different metal levels. HoWever, the invention applies 
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also When the signal paths are on the same metal levels. 
Moreover, the invention can be applied in integrated circuits 
Where parallel signal paths are both on the same level and on 
different levels. For example, a parallel set of signal paths on 
one level can be parallel to a similar set of signal paths on 
an adjacent metal level. 

[0041] In general, it is recognized that some compensation 
is better than no compensation. The invention thus provides 
for non-optimiZed embodiments. For example, a sense 
inverting buffer of one signal path is optimally located 
immediately adjacent to a sense-preserving buffer (or a point 
MP1, FIG. 2, midWay betWeen tWo sense-inverting buffers) 
of a neighboring signal path. (Here, “immediately adjacent” 
signi?es “at the point of the neighboring path closest to the 
sense-inverting buffer”) HoWever, some deviation from 
optimal placement can provide for substantial practical 
improvement over the prior art. 

[0042] Accordingly, the present invention provides some 
latitude in placement of buffers, e.g., Within a range MR1 
coextensive With the “middle half” (i.e., second and third 
fourths) of the segment extending betWeen tWo successive 
inverters (e.g., 121 and 122) along a signal path (e.g., 252). 
The invention does not require placement at the closest 
point, but at any point that is closer to the closest point that 
to any other sense-inverting buffer on the same signal 
path—“adjacent” is used herein to signify this condition. In 
general, each relative phase should be in force for at least 
one quarter of the total common path length. These and other 
variations upon and modi?cations to the described embodi 
ments are provided for by the present invention, the scope of 
Which is de?ned by the folloWing claims. 

What is claimed is: 
1. An integrated circuit comprising: 

a ?rst signal path extending from a ?rst node to a second 
node, said ?rst signal path including a ?rst sense 
inverting buffer disposed betWeen said ?rst node and 
said second node; and 

a second signal path adjacent and parallel to said ?rst 
signal path, said second signal path including a ?rst 
sense-preserving buffer disposed closer to said ?rst 
sense-inverting buffer than to either of said ?rst node 
and said second node. 

2. An integrated circuit as recited in claim 1 Wherein said 
?rst sense-preserving buffer is immediately adjacent said 
?rst sense-inverting buffer. 

3. An integrated circuit as recited in claim 1 Wherein said 
?rst signal path is on a ?rst metal level and said second 
signal path is on a different metal level. 
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4. An integrated circuit as recited in claim 3 Wherein said 
?rst signal path also includes a second sense-preserving 
buffer and said second signal path also includes a second 
sense-inverting buffer, said second sense-inverting buffer 
being immediately adjacent to said second sense-preserving 
buffer. 

5. A integrated circuit comprising: 

a ?rst signal path including a ?rst sense-inverting buffer; 
and 

a second signal path adjacent and parallel to said ?rst 
signal path, said second signal path including second 
and third sense-inverting buffers and a sense-preserv 
ing signal-path segment extending betWeen said second 
and third sense-inverting buffers, said signal-path seg 
ment having a midpoint equidistant from said second 
and third sense-inverting buffers, said ?rst sense-in 
verting buffer being nearer to said midpoint than to 
either of said second and third sense-inverting buffers. 

6. An integrated circuit as recited in claim 5 Wherein said 
?rst sense-inverting buffer is immediately adjacent to said 
midpoint. 

7. An integrated circuit as recited in claim 5 Wherein the 
number of buffers included by said ?rst signal path is the 
same as the number of buffers included by said second signal 
path. 

8. An integrated circuit as recited in claim 5 Wherein said 
signal-path segment does not include a sense-preserving 
buffer. 

9. An integrated circuit as recited in claim 5 Wherein said 
signal-path segment includes a sense-preserving buffer. 

10. An integrated circuit as recited in claim 9 Wherein said 
sense-preserving buffer is located immediately adjacent to 
said ?rst sense-inverting buffer. 

11. A method of conveying ?rst and second signals along 
respective ones of tWo adjacent parallel signal paths having 
a common extent, said method comprising the steps of: 

inverting at least once the sense of at least one of said 
signals as it traverses its respective signal path so that 
said signals have the same sense for at least one-quarter 
of said common extent and so that said signals have 
opposing senses for at least one-quarter of said com 
mon extent. 

12. Amethod as recited in claim 11 Wherein each time one 
said signal is inverted by a sense-inverting buffer, the other 
signal is buffered by an adjacent sense-preserving buffer. 


