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Abstract--The c o n c e p t  o f  a " t r a n s p a r e n t  r e p e a t e r  a ~" 
w h i c h  is a n  a m p l i f i e r  c i r c u i t  d e s i g n e d  to  m i n i m i z e  t h e  
d e l a y  i n t r o d u c e d  b y  h i g h l y  r e s i s t i v e  i n t e r c o n n e c t  l ines  
in  h i g h  s p e e d  d i g i t a l  c i r c u i t s ,  is i n t r o d u c e d  a n d  de-  
s c r i b e d  in  t h i s  p a p e r .  A n  i n s e r t i o n  m e t h o d o l o g y  for  
t h i s  c i r c u i t  is a l so  d i s c u s s e d .  D e f i n i n g  c h a r a c t e r i s t i c s  
of  t h i s  c i r c u i t  a re :  t h e  i n p u t  is c o n n e c t e d  t o  t h e  o u t -  
p u t ,  t h e  o u t p u t  g e n e r a t e s  t h e  s a m e  s e n s e  t r a n s i t i o n  
as  t h e  c o r r e s p o n d i n g  i n p u t  t r a n s i t i o n ,  t h e  b u f f e r  ou t -  
p u t  b e c o m e s  h i g h  i m p e d a n c e  a f t e r  e v e r y  t r a n s i t i o n ,  
a n d  t h e  b u f f e r  m a y  d e t e c t  i n p u t  t r a n s i t i o n s  w i t h  low 
t h r e s h o l d  v o l t a g e s .  

I .  INTRODUCTION 

With continuous technology scaling into the deep 
submicrometer (DSM) range, increased resistance in 
the interconnect lines has made the passive intercon- 
nect impedances dominate over the active gate out- 
put impedances. Therefore, the speed of current pro- 
cessors is currently dominated by the RC intercon- 
nect lines. Solutions to overcome this performance 
limiting constraint have been developed. Optimal 
repeater insertion [1-4] is the most well known and 
widely used solution, and is schematically shown in 
Figure 1. 
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Fig. 1. Inserted repeaters  (or buffers) along resistive RC in- 
terconnect 

"A distributed RC line can be optimally partitioned 
into k equal segments, each segment driven by an 
inverting buffer IB. The delay and power dissipation 
necessary to drive the RC line is therefore minimized. 
The total delay of the line can be characterized as 

D = k(D1 + DB), (1) 
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where D1 is the delay introduced by an RCi segment, 
and DB is the delay introduced by an inverting buffer 
IB. Note that the k buffers introduce a total delay 
equal to kDB. Note also that the total delay of the 
line depends upon the number of segments k in which 
the line is partitioned, the delay of the IB buffer DB, 
and the geometric size of the IB buffer. Values for k, 
DB, and the IB buffer size exist to obtain the min- 
imal delay and power dissipation to optimally drive 
an RC interconnect line [3]. 

The minimal delay of the line can be further im- 
proved using an HDR buffer [5], which has a volt- 
age transfer characteristic (VTC) with low switching 
threshold voltages and hysteresis. Briefly, the HDR 
buffer detects an input transition with a low thresh- 
old voltage (for example, for a 5 volt system, the low- 
to-high signal transitions at 1 volt instead of approx- 
imately 3 volts for an inverter, and tile high-to-low 
signal transitions at 4 volts instead of approximately 
2 volts for an inverter). The total delay of an RC 
line using HDR buffers is 

Dh = 9 ( O 1  + DHDR). '(2) 

Maintaining the same segment delay D1, the length 
of the line segment can be increased since the signal 
has to only reach the low threshold voltage of an 
HDR buffer [5]. A consequence of this capability is 
that the line can be partitioned into only g segments 
with g smaller than k. The delay of the HDR buffer 
DHDR must also be minimized to minimize Dh. To 
achieve this minimal delay, the design of the HDR 
buffer is based on an HD buffer [6]. 

Briefly, the HD buffer introduces a minimal de- 
lay from the input transition to the output response 
by eliminating any parasitic capacitance within the 
buffer along the signal path. For example, in a ta- 
pered buffer, the output of a stage drives the gate 
capacitances of the N and P transistors of the next 
stage. For a low-to-high input transition, the output 
of the stage drives the parasitic gate capacitance of 
the N transistor of the following stage. The capaci- 
tance of the N transistor for this transition represents 
25% of the total capacitance at the output of a stage. 
For a high-to-low input transition, the output of that 
stage drives the parasitic gate capacitance of the P 
transistor of the following stage. The capacitance of 
the P transistor for this transition represents 75% of 
the total capacitance at the output of a stage. Ac- 
cordingly, the delay introduced by a stage of an opti- 
mal tapered buffer is 25% larger for a low-to-high in- 
put transition, and 75% larger for a high-to-low input 
transition. The HD buffer eliminates these parasitic 



capacitances, thereby decreasing the overall delay. 
The proposed circuit, called a transparent repeater 

(TR), together with an insertion methodology, re- 
duces the kDB [see (1)] or gDHDR [see (2)] delays. 
Therefore, the TR circuit significantly reduces the 
total delay of the line as compared to classical re- 
peater [3] or HDR buffer insertion methodologies [5]. 
The name of the proposed circuit is intended to sug- 
gest that inserting a TR along the R C  line introduces 
zero delay into the signal path, and therefore the re- 
peater is transparent to the signal. 

To better understand the operation of the TR 
buffer, the TR buffer insertion methodology is de- 
scribed in Section II. The operation of the TR buffer 
circuit is discussed in Section III. Simulation results 
are briefly summarized in Section IV. Finally, some 
conclusions are presented in Section V. 

II. THE TR BUFFER INSERTION METHODOLOGY 

An important observation of a TR buffer is that the 
circuit operates as a local, controlled current source 
which sources or sinks current on the interconnect 
line at specific insertion points. The TR buffer is 
turned on by any signal transition detected along an 
interconnect line, producing an amplified transition 
at the output (a low-to-high output transition for a 
low-to-high input transition and a high-to-low out- 
put transition for a high-to-low input transition), and 
auto tri-states the output after the transition is com- 
pleted while preparing the input to detect the next 
transition on the interconnect line. 
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Fig. 2. Insertion methodology for TR buffers 

The insertion methodology for the TR buffers is 
shown in Fig. 2. An example is chosen to describe the 
insertion methodology where the TR buffer has the 
same switching threshold voltages as an IB  buffer. 
Consider D~ equal to 0.1 ns, and the TR buffer delay 
(from the input transition detection to the complete 
output response) is equal to 0.3 ns. The distributed 
R C  line is assumed uniform, i.e., the length of a seg- 
ment of tile line is proportional to the delay intro- 
duced by that segment. 

Initially, all of the TR buffers are off and the IB  
buffer drives the entire line. After DR1 = Di = 
0.1 ns, the TR threshold voltage is reached at A. 
TR1 forces the output active after 0.3 ns. The signal 
further propagates along B, C, and D through the 
line segments 2, 3, and 4, respectively. Other TR 
buffers are inserted at B, C, and D, where DR2 = 

D.Ra = DR4 = 0.1 ns. The length of the line seg- 
ment 4 is smaller than the length of the line segment 
3, which is smaller than the length of the line seg- 
ment 2, which finally is smaller than the length of 
the line segment 1 due to the characteristics of the 
signal propagation along an R C  line. When the sig- 
nal reaches the TR threshold in D, TR4 is activated, 
TR3 and TR2 are progressively closer to the time 
when the output becomes active, while the output of 
TR1 has just become active. The current at the out- 
put of TR1 enhances the drive strength of the line 
(similar to having the IB  buffer placed at point A of 
the line as shown in Fig 2), thereby increasing the 
length of the segment 5 to provide a delay equal to 
0.1 ns, as compared to the length of the segment 5 
when only the IB  buffer is active. After 0.1 as, when 
the signal reaches E and TR5 is activated, the out- 
put of TR2 becomes active and enhances the drive 
strength of the line at point B. This cycle in which 
the next TR buffer along the line becomes active and 
enhances the drive strength of the line at the respec- 
tive insertion point repeats until the line terminates. 
While segments 1, 2, 3, and 4 decrease in length, 5 
and 6 increase. Segments after a certain rank be- 
come approximately constant in length. Towards the 
end of the line, the segments increase in length, since 
the current provided by the TR buffers is large for 
the remaining portion of the line. Alternatively, the 
length of the segments can be kept constant across 
the entire line by adjusting the size of the TR buffers. 

There are situations where the use of TR buffers is 
not efficient. Such a situation occurs when the delay 
of the line driven only by the IB  buffer is similar to 
the TR buffer delay. This situation implies that by 
the time the output of the first TR buffer is active, 
the signal reaches the end of the line. Another situ- 
ation is when the TR buffer delay is comparable but 
smaller than the total delay of the line. For exam- 
ple, if the initial line is partitioned into k segments 
according to (1), the line using the TR buffers will 
be partitioned into k + p segments with a total line 
delay of 

DTn = D l ( k  + p). (3) 

From (1) and (3), note that a gain in speed is achieved 
if 

D ip  <_ DBk.  (4) 

A small gain in speed may not be efficient because 
of the increased power and area. Therefore, only a 
large gain in speed may be acceptable. However, this 
tradeoff can be improved and the efficiency of the line 
driven by the TR buffers increased if DTn [see (3)] is 
decreased by reducing the number of line segments 
p. Reducing the number of line segments can be 
achieved by reducing the delay of the TR buffers, 
which can also be achieved by using an internal struc- 
ture for the TR buffers similar to an HD buffer. 

The efficiency of the line driven by the TR buffers 
can be further improved if the TR buffers incorpo- 
rate low switching threshold voltages as in an HDR 
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buffer [5]. If these low switching threshold voltage 
T R  buffers drive a highly resistive R C  line as shown 
in Fig. 2, and if the same delay D1 is maintained for 
the TR  buffer to reach the low switching threshold 
voltages as for the I B  buffer to reach the I B  thresh- 
old voltages, the line can be part i t ioned into less seg- 
ments, possibly less segments than k. If m is the 
number of segments into which the line driven by the 
low threshold voltage TR  buffers is partit ioned, the 
total delay of the line is 

D T R  = m, Di ,  (5) 

and the gain in delay as compared to a classical re- 
peater  insertion process as expressed by (1) is 

G = (k  - re)D1 + D B k .  (6) 

Multiple tradeoffs exist to improve the response and 
increase the gain of the T R  buffered line, such as 
using TR  buffers with low threshold voltages and in- 
creased size of the final stage (as compared with an I B  
buffer) together with less line segments, or a combi- 
nation of low threshold and normal threshold voltage 
TR  buffers. 
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Fig. 3. A TR buffer driving a highly resistive RC line 

III .  THE T R  BUFFER CIRCUIT 

Summarizing Section II, the following require- 
ments are necessary for a TR  buffer: 1) the input 
of the TR  buffer is connected to the output ,  2) the 
output  is driven in the same sense as the input tran- 
sition as a response to any input transition, sourcing 
or sinking current on the interconnect line at the in- 
sertion point, 3) the output  must auto tri-state after 
a delay from when the output  is driven so that  the 
output  does not create a conflict with the following 
signal transition, 4) the buffer should have minimal 
delay from the input to the output  to increase the 
insertion efficiency, and 5) the buffer should detect 
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the input transitions at low threshold voltages. Each 
of these requirements are satisfied by the TR  buffers 
shown in Figs. 3, 4, and 5. 

A basic configuration of a TR  buffer is shown in 
Fig. 3. Note that  the output  is tri-stated by a de- 
layed input signal. This simple circuit has the dis- 
advantage that  the output  is t r is tated by the input 
signal, and there is no control on the signal propaga- 
tion inside the buffer. This disadvantage may acti- 
vate the output  uncontrollably, either for too long a 
period of time creating a conflict between the output  
and the next  transition, or too short a time, being 
insufficient for a full ou tput  transition. The correct 
timing is controlled through proper transistor sizing. 

The circuits depicted in Figs. 4 and 5 eliminate 
this drawback by creating the signal that  tri-states 
the output  stage of the buffer using a combinatorial 
circuit between the input and the signals that  control 
the gates of the final transistors. Therefore, the out- 
put  of the buffer is tr i-stated after the output  transis- 
tors are turned on, eliminating any uncertainty. The 
latch prevents oscillations induced by the feedback 
signals from the gate terminals of the final transis- 
tors to the input of the combinatorial  circuit. The 
TR  buffer circuit shown in Fig. 5 is a modified HDR 
buffer with low threshold voltages and minimum line 
loading [5]. 
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Fig. 4. A TR buffer driving a highly resistive /-tC line that 
starts the nulling process [6] and tri-states the final stage 
of the buffer through a combinatorial circuit between the 
input of the buffer and an internal signal of the buffer 

The TR  buffer il lustrated in Fig. 3 saves power 
and area as compared to the T R  buffers shown in 
Figs. 4 and 5 at the expense of a more careful (and 



sensitive) design. The advantage of the TR buffers 
shown in Figs. 4 and 5 is that these circuits provide 
increased reliability as compared to the TR buffer 
shown in Fig. 3. 

IV. SIMULATION RESULTS 

Circuit simulations based on Cadence-Spectre and 
a 1.2 ~m CMOS technology are described in this sec- 
tion. A distributed R C  line simulated by a II48 
model is considered, where R = 200 f~ and C = 
20 pF. Approximately 16 inverting repeaters of size 
100 #m/300#m are inserted according to a classical 
repeater insertion process [1], generating a total de- 
lay for the line of approximately 4 ns, with D1 = 
0.04 ns and DB = 0.21 ns. A TR buffer as shown 
in Pig. 3, with the same thresholds as the inverting 
buffer driving the same distributed RC line and with 
an output stage of 100 #m/300 #m, has a delay from 
input to output of approximately 0.23 ns. As dis- 
cussed in Section II, each TR buffer is inserted along 
the distributed RC line approximately every 0.04 ns. 
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Fig. 5. A T R  buffer driving a highly resistive RC line tha t  is 
based on a modified HDR buffer with low input threshold 
voltages and high output  current  

There are 47 possible insertion points for the 
II48 interconnect model used to characterize the dis- 
tributed RC interconnect line. Fourteen TR buffers 
have been inserted in the first part of the line after the 
II number 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 
and 28. Six TR buffers have been inserted along the 

second part of the line at a II3 distance between con- 
secutive TR buffers, namely at II number 31, 34, 37, 
40, 43, and 46. The line delay between two consecu- 
tive TR buffers is on average, 0.05 ns. The total delay 
of the line with the inserted TR buffers is approxi- 
mately 1.2 ns as compared to the standard repeater 
delay of 4 as, which is approximately 30% of the de- 
lay of the line with the inserted inverter repeaters. 
If TR buffers are inserted after every II section, the 
total line delay is further decreased to approximately 
0.9 as. 

This gain in speed can be further increased by us- 
ing larger size TP~ buffers as well as a larger size of 
the IB buffer, together with low threshold voltage TR 
buffers. Note, however, that by decreasing the delay, 
the power dissipation and area required to drive the 
line are increased. However, the speed improvement 
achieved using TR buffers to drive the highly resis- 
tive interconnect line can be spectacular. As a rule of 
thumb, a large gain in speed is achieved if the delay 
of the line driven by the IB buffer is five to ten times 
or more the delay of a TR buffer. 

V .  CONCLUSIONS 

A novel repeater insertion methodology based on 
the use of transparent repeaters for driving high resis- 
tivity RC lines has been presented in this paper. The 
circuit structure of the transparent repeater together 
with the associated insertion methodology provides 
a significant gain in speed. One example exhibits a 
gain in speed of at least 300% as compared to a classi- 
cal inverter-like repeater insertion methodology. Ad- 
ditional strategies to further improve the speed are 
also discussed. 
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