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Abstract:   This paper presents a novel technique to 
balance the delays in a combinational logic circuit for an 
equal delay circuit design. The delay balancing technique 
relies on a gain based delay model and the availability of a 
continuous size delay elements library. Based on the 
concept of logical effort in very large scale integrated 
circuits in the deep submicron era, our proposed technique 
attempts to minimize a delay difference of combinational 
logic circuits. Delay balancing tools based on our proposal 
are developed, and the effectiveness of tools is evaluated. 
Experimental results show that our proposal achieves 9.96% 
delay variations on average in combinational logic circuits.  
 

1.  Introduction 
  
 An equal delay circuit has strong requirements for 
asynchronous circuit design and wave pipelined circuit 
design. Also, a combinational logic circuit with less delay 
variation is expected to avoid hold time restrictions of 
output registers in the deep submicron era. However, the 
equal delay circuit design, also known as “Delay Balancing” 
is a tough task because this process has to target and 
equalize all path’s delays in a combinational circuit.  The 
difficulty in the delay balancing is one of the main reasons 
that asynchronous and wave pipelines cannot be a dominant 
in recent microprocessor design, in spite of their high 
potentials. So far, many researchers have proposed some 
delay balancing techniques [2][9]. However these proposals 
are not suits for recent advanced CMOS technologies due to 
enlarging delay difference between logical design and 
physical design phases [3]. In addition, recent logic 
synthesis tools are employing heuristic approaches with low 
accuracy and a large number of feedbacks due to 
uncertainness of a wire load delay model.  
 Under this situation, to realize accurate delay balancing in 
the deep submicron era, we have proposed a delay 
balancing technique that employs a delay elements insertion 
and a gate sizing based on an effort delay model [6].  The 
gain based delay model can estimate delay of a circuit 
easily with high accuracy in advanced CMOS technologies 
[1][8]. Also, this model can control the delay of 
combinational logic circuit by sizing transistors in a 
deterministic way to optimize the delay of paths in the 
circuit. As shown in the previous studies concerned with the 
delay balancing, a combination of delay elements insertion 
and gate sizing is a common approach.  However, there are 
few approaches for the equal delay circuit designs with gain 
based delay model [9]. In this paper, we develop delay 
balancing tools based on our proposal and demonstrate the 

effectiveness of our approach. Also, we evaluate the delay 
balanced circuits as wave-pipelined circuits compared with 
conventional pipelined circuits.  These results show the 
validity of our proposal and high-speed and low-power 
features of wave pipelines. 
 In the next section, an overview and a basic concept of 
proposed delay balancing technique are described. 
Experimental results are shown in Section 3, and Section 4 
concludes this paper. 
 

2.  Concept of Gain based Delay Balancing 
 
2. 1 Outline of Delay Balacing  

In this section, we describe an outline and a basic concept 
of our proposed delay balancing. As a common delay 
balancing approach, we employ two phase delay balancing: 
rough tuning and fine tuning [2]. Delay elements insertion 
is used for rough tuning and a gate sizing based on effort 
delay model is used for a fine tuning.  Figure 1 shows a 
basic scenario of our delay balancing.  In our approach, as 
the first step, logic depth of all paths in a combinational 
circuit is equalized by delay element insertions, and the 
circuit is reconstructed to reduce the number of fanouts. 
After the rough tunings, the process moved to the fine 
tuning phase. All path’s delay are estimated by gain based 
delay model, and gate widths of delay elements are resized. 
The left side of each figure shows a combinational logic 
circuit for delay balancing, and the right side of each figure 
shows contour-model (time-space diagram) of signal 
propagations on the circuit [2]. The vertical axis of the 
diagram indicates logic depth and horizontal axis indicates 
time. The blue line denotes minimum delay path (min-path) 
in a circuit and red line denotes maximum delay path (max-
path) of the circuit. As shown in this figure, carrying out 
above processes, the minimum path delay and the 
maximum path delay approach gradually.  
 

2. 2 Delay Elements Insertion 

In the delay elements insertion phase, according to our 
previous studies, we concentrate on adjusting the logic 
depth of all paths in a combinational logic circuit [6]. The 
delay is not taken into account in this phase, thus delays of 
each path and delay elements are not considered. In other 
words, delay elements are handled as dummy buffers. Then, 
the proposed technique reconstructs the circuit to reduce a 
number of fanouts to realize flexible balancing in the next 
step according to Klass’s approach [3].  Figure 2 shows 
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delay elements insertion, and the first process carries out as 
follows:

Step 1. Align logic gates according to the logic depth
Step 2. Find out traverse nets
Step 3. Insert delay elements on the traverse nets to adjust 

a logic depth
Step 4. Reduce number of fanouts by logic reconstruction.

(a) Before delay balancing.

(b) After delay balancing.

Figure 1. Delay balancing scenario.

Figure 2.  Delay element insertion.

2. 3 Gain based Delay Balancing

After logic depth adjustment of the circuit and fanouts
reduction, the process moves to a gate sizing phase. Note 
that our approach is just sizing delay elements, and the 
delay element is consists of two sequential inverters. In 
this gate sizing procedure, a gain based delay model that 
is a delay model used in Logical Effort Theory (LE)[1] is 
used. The gain based delay model has higher accuracy to 

estimate delay time in advanced CMOS technologies 
than a wire load model being used most now [7]. LE
refers to the inherent cost of computations in logic gates, 
and is a characterization of the complexity of a logic gate. 
It provides a method to estimate delay of a CMOS circuit,
and develop a scheme for sizing the transistors by back of 
the envelope calculations. The main features of LE are 
briefly described in the following paragraphs. The detail of 
LE can be obtained from  [1].

LE takes into account the fact that the speed of a digital 
circuit block is dependent on its fanout (Cout) and its fanin 
(Cin). Further, LE introduces technology independence by 
normalizing the speed to that of a minimal size inverter: 
dabs = d (1).
Where,  dabs= absolute delay, d = unit less delay,   = delay 
of an inverter driving an identical inverter with no parasitic. 
The delay expression of a logic block in LE is given as:
d = f + p (2).
Where p = parasitic delay, f = effort or stage delay.
Furthermore f = gh where g is defined as a logical effort and 
has an electrical effort. The electrical effort h is equal to the 
ratio of input capacitance and output capacitance : h = 
Cin/Cout.  Thus:
d = gh + p  (3).
Based on this delay model, Figure 3 shows the basic 
concept of gate sizing to balance a delay.  In Figure 3, Cin
denotes the input capacitance of each input pin, DQ and DR
indicate the delay at Q and R, a number above each 
transistor indicates a width of the transistor. In this case, we 
try to balance DQ and DR.  Here, DQ = 9 and DR = 6, thus a
Delay Difference (DD) is 3. To balance the delays, our 
proposal sizes an inverter x2 of the delay element based on 
above equations. If the size of two transistors in the x2 set 
to five times large compared with initial state, Cin of the 
inverter x1 changes to 15. Then, according to Equation (3),
the delay of x1 is changed to 6, and the delay of x2 is 
changed to 1.4. Eventually, DR becomes 8.4, and we can 
obtain DD = 0.6.

Figure 3. Basic concept of gain based balancing.

To perform gain based delay balancing efficiently, we 
prepare two options; redundant delay elements deletion and
delay element insertion. A long chain of delay elements 
sometime enlarges a circuit scale, thus in this phase, our 
approach detects long delay elements chains and deletes
redundant delay elements. Also, if the delay difference is 
larger than a delay that can be realized by gate sizing, an 
additional delay element is inserted.  Gate sizing procedure 
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is shown in Figure 4. The delay balancing is performed
from input to output of a circuit with checking output 
capacitance of the next gates. This process is repeated till
tracing all paths. In this figure, nmax and nmin indicate the 
maximum and the minimum delay of delay elements that 
can be achieved by the gate sizing. Also this figure 
assumes DQ  > DR. When the DD (DQ -DR) is larger than 
nmax, the delay element is inserted. On the other hand, if the 
DD is smaller than nmin, the delay element is deleted. In the 
other case, we carry out gain base gate sizing described in 
the previous paragraph.

Figure 4. Gate sizing and delay elements control.

3. Experimental Results 

In this section, our proposal is applied to some adders to 
confirm the effectiveness.

3. 1 Design and Evaluation Flow

Figure 5 shows an evaluation flow and tools that we have 
implemented.  Shaded boxes indicate the tools developed
by perl languages based on our proposal. First,
combinational logic circuits are designed by VHDL, and 
logic synthesis is carried out by Synopsys Design Vision to 
obtain a netlist of the circuit and path information. Then 
these informations are input to a Logic depth equalizer that
work as shown in Section2.2.  In this tool, two inverters 
with the smallest size are used as the delay element. Note 
that, so far, delays are not considered. Next, delays are 
calculated using a gain based delay model by a Gain-based 
delay analyzer, and gate sizing described in Section 2.3 are 
performed by a Gain-based gate sizing tool. From these 
processes, we get a netlist of the balanced circuit. With this 
balanced netlist, cell information is input to a VHDL-SPICE 
Converter to obtain a balanced SPICE netlist. Finally, we 
evaluate the circuit using a Synopsys Nanosim simulator  
(SPICE compatible simulator) in terms of a delay and 
power of the circuits.

Figure 5. Design and evaluation flow.

3. 2 Experimental Setup

16-bit, 32-bit Ripple Carry Adders (RCA16, RCA32) and 
16-bit, 32-bit Carry Look ahead Adders (CLA16, CLA32)
are designed with Rohm 0.18um CMOS technology. To 
realize automatic delay balancing, we prepare 27
continuous cells at 0.27 µm-intervals for gate width of a 
nmos transistor and 0.33 µm -intervals for gate width of a 
pmos transistor with keeping the ratio of nmos and pmos,
and all gate lengths are 0.18µm. The gate widths are varied 
from 1.35µm to 8.64µm for nmos, and 1.65µm to 10.56µm
for pmos. After the calculation of appropriate gate size of 
the delay element in a gate sizing phase, our tools select the 
inverter that has the nearest size with the result. In these 
experiments the number of fanouts is limited to 2, and 
10,000 random input vectors are used. The supply voltage 
is 1.8V for Nanosim simulations.

3. 3 Experimental Results

To confirm an effectiveness of our proposal, Figure 6 shows 
the maximum path delay and delay differences of before 
and after delay balancing.  In the best case, 0.37 ns delay 
difference for RCA16, and the worst case, 0.97 ns delay 
difference for CLA 32 are achieved. We can confirm our 
proposal reduces delay difference well and they have just a 
9.96% delay difference compared with original circuits on
average. However, the maximum path delays are increased
by 12.6% on average, due to the increase in total 
capacitance of the circuits. Table. 1 shows a number of 
transistors of each adder and its overhead (increase ratio of
transistors).  Although RCAs achieve significant delay 
difference reduction, the number of transistors is increased. 
However, in the case of CLAs, our proposal realizes almost 
same delay difference with smaller overheads compared 
with [3][9]. If we can adopt our gate balancing not only to
delay elements (inverters), but also to another kind of logic 
gates, delay differences can be made smaller with small
overheads. 

Table.1 Number of transistors and overheads.
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Figure 6. Delay difference of each adder. 

 
Balanced circuits are evaluated as wave pipelined circuits 
to validate the potential of delay balanced circuits. From 
delay differences shown in Figure 6 and 0.3ns register’s 
delay of our cell library, clock periods are set 1 ns for RCAs 
and  CLA 16, and 1.5 ns for CLA 32 according to [2]. To 
make a comparison with conventional pipelined circuits 
that are designed using Sysnopsys Design Vision (balanced 
registers command) with pipeline degree of 2. The clock 
cycle periods of conventional pipelines are 2.5ns for 
RCA16,  4.5ns for RCA 32 and 1.5ns for CLAs respectively. 
We use random10,000 input vectors for this evaluation, and 
we confirm wave pipelined behavior using Nanosim 
Simulator. Figure 7 shows power comsumtions of not 
balanced, conventional pipelined and balanced circuits. 
Althouh the power consumption of balanced circuits are 
increased due to delay elements overheads, we can confirm 
they have smaller power than conventional pipelines with 
smaller clock periods (higher clock rate).  From these 
results, in more advanced technologies, pipeline registers 
overheads become larger, and wave pipelines could be 
consider as a candidate for future low-power and high-
speed circuit design techniques. 

 
Figure 7. Power consumption. 

 

4.  Conclusion 
 
 In this paper we develop delay balancing tools for equal 
delay circuit design.  Aiming at delay balancing in a deep 
submicron era, our delay balancing technique employs the 

gain based delay model. The experimental results show that 
our tools can realize delay balancing for two kind of adders 
with 9.96% delay variation on average. Also, considering 
balanced circuits as wave pipelined circuits, balanced 
circuits have low-power and high throughput characteristics 
compared with conventional pipelines. Our future work 
involves more detailed evaluations, quantitative 
comparisons with major previous delay balancing 
techniques [9] and enlarging the number of applicable logic 
gates. 
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