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Abstract— Wave-pipelining is proposed as one of the 

techniques for the design of high speed digital circuits in 

the literature. Higher operating frequencies can be 

achieved in wave-pipelined digital circuits, by adjusting 

the clock periods and clock skews so as to latch the 

outputs of combinational logic circuits at the stable 

periods. Major contribution of this paper is the proposal 

for automation of the above tasks, one using the Built In 

Self Test (BIST) approach and another using the System-

On-Chip (SOC) approach. Both of these approaches is 

studied by a multiplier using dedicated AND gate by 

adopting three different schemes: wave-pipelining, 

pipelining and non-pipelining.  BIST approach is used for 

the implementation on Xilinx Spartan-II device.  The 

SOC approach is adopted for implementation on Altera 

Field Programmable Gate Arrays (FPGAs) based SOC 

kits with Nios II softcore processor. From the 

implementation results, it is verified that the wave-

pipelined circuits are faster compared to non-pipelined 

circuits. The automation scheme has considerably 

reduced the effort required for the design and testing of 

the wave-pipelined circuits.    The pipelined circuits are 

found to be faster than the wave-pipelined circuits and 

this is achieved at the cost of increase in area.  

 

Keywords: SOC; wave-pipelining; FPGA; self-

testing. 

 

1. Introduction 

 
Hardware components in a SOC may include one or 

more processors, memories and dedicated components for 

accelerating critical tasks and interfaces to various 

peripherals [1], [2]. In addition, the development of IP cores 

for the FPGAs for a variety of standard functions including 

processors, enables  a multimillion gate FPGA to be 

configured to  contain all the components of a platform based 

FPGA.   Development tools such as the Altera System-On-

Programmable Chip (SOPC) builder enable the integration of 

IP cores and the user designed custom blocks with the soft-

core processors such as the Nios II processor [3]. The 

increased gate count in a complex SOC results in increased 

power dissipation, clock routing complexity and clock skews 

between different parts of a synchronous system. These 

limitations may be partially overcome by adoption of circuit 

design techniques such as wave-pipelining. Wave-pipelining 

enables a combinational logic circuit to be operated at a 

higher frequency without the use of registers  and may result 

in lower power dissipation and clock routing complexity 

compared to a pipelined circuit.  However, the maximization 

of the operating speed of the wave-pipelined circuit requires 

the following three tasks: adjustment of the clock period, 

clock skew () and equalization of path delays. The 

automation of these three tasks are proposed for the first time 

in this paper. Effectiveness of the automation scheme is 

studied by a multiplier using dedicated AND gates as well as 

fast carry logic. 

The organization of the rest of the paper is as 

follows: In section II, the previous work related to wave-

pipelining and the challenges involved in the design of wave-

pipelined circuits are described. In section III, automation 

schemes for wave-pipelined circuits are presented. In section 

IV, an overview of the multiplier using dedicated AND gate 

as well as fast carry logic is presented. In section V, BIST 

approaches for the implementation of wave-pipelined circuits 

are discussed and the implementation results are presented. In 

section VI, SOC approaches for the implementation of wave-

pipelined circuits are discussed and the implementation 

results are presented. Section VII summarizes the 

conclusions. 

 

2. Review of previous work 

 
Pipelining achieves high speeds in digital circuits at 

the cost of increased area, power dissipation and routing 

complexity [4]. Wave-pipelining is proposed as one of the 

techniques for achieving high speed without the above 

limitations. Wave-pipelining has been employed for 

implementing a number of systems on both ASICs and 

FPGAs [5], [6]. The concept of wave-pipelining has been 

described in a number of previous works [7], [8].  To 

illustrate this concept, graphical representation of the data 



flow through combinational logic circuit, is used [8]. Fig. 1 

shows a typical combinational logic circuit along with the 

input and output registers [8]. Fig. 2 depicts the flow of data 

through the above circuit [8]. The skew between the clocks at  

the input and output registers is denoted as . At the 

beginning of each clock cycle, data is initiated into the 

combinational logic block through the input register.  

A number of paths may exist between the inputs and 

output of a logic block. A change in the input causes the 

output to change after a delay of Dmin, Dmax through the 

shortest and longest path respectively. The shaded regions 

bounded by (Dmin and Dmax) depict the periods where the 

logic levels of the logic block vary with time. The nonshaded 

areas depict the stable duration of the logic block. In the 

conventional system, the output register is clocked in the 

nonshaded region and the minimum clock period, Tclk is 

chosen to be greater than Dmax. In the Wave-Pipelined (WP) 

system, the clock period is chosen to be (Dmax - Dmin) + 

clocking overheads such as set up time, hold time etc.  

 

 

 
 

Fig. 1. A combinational logic circuit with input and output 

registers.      

 

    
Fig. 2. Temporal/spatial diagram of data flow through the 

combinational logic circuit. 

                                                                                

To ensure correct operation,  should be adjusted so 

that the active clock edge occurs in the stable period. As the 

shaded region increases with increase in the logic depth, the 

operating clock frequency should be reduced with increase in 

logic depth.  Moreover, to maximize the frequency of 

operation of the wave-pipelined system, the difference (Dmax - 

Dmin) is minimized by equalizing the path delays. Hence, 

adjustment of the clock period, clock skew () and 

equalization of path delays, are the three tasks required for 

maximizing the operating speed of the wave-pipelined 

circuit. All the three tasks require the delays to be measured 

and altered if required. Layout editors, such as FPGA editor 

from Xilinx, may be used for this purpose. 

These tasks are carried out manually in [9], [10]. 

The wave-pipelined circuit designed using the layout editor 

may be tested using simulation. However, the simulation is 

inadequate for testing due to the difference between the 

actual delays and the delays calculated by the layout editor. 

This is because, the layout editor considers only the worst 

case delays and the actual delays may be significantly 

different due to fabrication variations. This difference 

becomes important as the logic depth of the circuit increases.  

Hence, the design is downloaded to the actual FPGA and its 

operation is checked using a PC based test system [10].  If 

correct results are not obtained, delays are altered and the 

design is downloaded for testing again. A number of 

iterations of place and route, simulation, downloading and 

testing in the actual device may be required till the correct 

results are obtained. The design of wave-pipelined circuit in 

this fashion requires human intervention and is time 

consuming. Automation of the above three tasks are 

considered in the next section. 

 

3. Automation schemes for wave-pipelined circuits 

 
Equalization of the path delays is considered first.  

This cannot be completely automated as the commercially 

available syntheses tools do not support the specification of 

interconnect delays. However, the difference in path delays 

can be minimized by specifying the physical location of logic 

cells (slices) or logic elements used for the implementation, 

through either the User Constraints File (UCF) or the Logic 

lock feature supported by the FPGA CAD tools. UCF 

approach is proposed for Xilinx FPGAs in [10], [11]. The 

logic lock feature is  adopted  for the Altera FPGAs in this 

paper. 

The adjustment of the clock skew and clock period 

can be automated by adopting programmability. The 

programmable clock and clock skew generator may be 

implemented in the FPGAs. Fig. 4 gives the circuit diagram 

of a clock generation scheme which consists of a delay block 

and an inverter. The actual clock period depends on the 

interconnect delay. The select input of the multiplexer is 

varied with either a processor or a Finite State Machine 

(FSM) to achieve different clock frequencies. Similarly, for 

the clock skew generator, the same circuit is used, but the 

feedback connection is removed and the select line is varied 

through processor or FSM to achieve different clock skew 

ranges. 

 The wave-pipelined circuit using the programmable 

clock and skew generator can be operated at a higher 

frequency than that can be achieved using the commercially 

available synthesis tools which use Dmax for fixing the 

operating frequency. The automation may be carried out 

using either off-chip processor or on-chip processor. The off-

chip processor is used when the FPGA is used as a 



coprocessor or hardware accelerator for a main processor or 

microcontroller. 

 

 

 
 

Fig. 3. Programmable clock generator. 

 

 Since off-chip communication between the FPGA 

and   a   processor    is    bound   to be slower than on-chip 

communication, in order to minimize the time required for 

adjustment of the parameters of the wave-pipelined circuit 

(clock frequency and skew), the built in self test approach 

using design for testability [12] technique, is proposed for 

this case.  In the SOC approach, a processor is assumed to be 

available on-chip and it is used for adjustment of the 

parameters of the wave-pipelined circuit. 

 

3.1 BIST Approach for Wave-Pipelined Circuit  
 

Testing a large chip requires a large test sequence and 

application of these test sequences to the Circuit Under Test 

(CUT) using external testers is time consuming. Built in self 

test scheme is an alternative for minimizing the testing time. 

In the BIST scheme, the test sequences are internally 

generated, applied to the CUT at full speed and a signature is 

generated for finding whether it is good or bad. The block 

diagram of a wave-pipelined circuit with BIST is given in 

Fig. 4. This is obtained by including the FSM block and self-

test circuit. The self-test circuit contains programmable 

clock, clock skew generator, signature analyzer and test 

vector RAM to the circuit given in Fig. 4. 

 

3.1.1 FSM Block  

 

The Finite State Machine (FSM) is realized using the off-chip 

processor. The FSM block generates the control signal to 

choose between the normal mode and the self test mode and 

this is applied to the select input of multiplexer. In the self 

test mode, the FSM systematically varies the clock skews and 

clock periods. For each clock frequency and skew, the self 

test circuit generates the test inputs, applies them, generates 

the signature, compares it with the expected result and finally 

generates a flag indicating the match. The FSM progresses 

with the testing till the frequency at which the DUT works 

for at least 3 or more skew values is found. The operating 

skew value is chosen to be the middle value so that the DUT 

would reliably work even if the delays change due to 

environmental conditions. In order to minimize the time 

required to determine the correct value of clock skew and 

clock period, a two step procedure is adopted. The clock 

frequencies are varied by large steps to determine the range 

of frequency in which the circuit works. This is achieved by 

varying only the higher order two bits of the select inputs of 

the programmable clock. After the range is determined, fine 

tuning is achieved by varying the lower order bits.  For every 

frequency at which the circuit is tested, the clock skews are 

varied gradually and the results are tested for its correctness 

and the clock skews for which the circuit works satisfactorily 

is noted. The testing time can be minimized by using the 

optimal test vector set and a signature analyzer [10]. 

 

3.1.2 Signature Generator   

 

For testing the correctness of the circuit, N test vectors may 

be fed one after another and the N outputs obtained should be 

compared with the expected outputs. In order to minimize the 

number of comparisons, a unique signature is generated out 

of the N outputs and it is compared with the signature 

corresponding to the expected outputs.  The signature 

generator consists of a Pseudo Random Binary Sequence 

(PRBS) generator with multiple data input [Smith 2003] as 

shown in Fig. 5. The successive output of the output register 

is XOR’ed with the state of the PRBS to generate the next 

state.  

 

 
 

Fig. 4. Self tuned wave-pipelined circuit. 

 

If the test vector set consists of N vectors, the PRBS 

generator output contains the signature after application of N 

clock pulses. However, due to the propagation delay in the 

Random Access Memory (RAM), I/O registers and the 

combinational logic block, the time at which signature 

generation begins should be delayed with respect to the time 



at which the application of test vectors begins. The delay 

depends on the depth of the combinational logic blocks. 

  

 

 
 

Fig. 5. Signature Generator. 

 

3.1.3 Test Vector Generation  

In principle, the number of test vectors required for an M 

input combinational logic circuit is 2
M

. If the value of M is 

small, exhaustive testing of the circuit may be carried out by 

generating the test inputs through an M bit counter and 

checking the signature after the counter completes one full 

cycle. However, some of the inputs may contribute more to 

Dmax than the others. For example, in the case of the 

multipliers, the maximum propagation delay occurs only 

when MSBs of the operands are 1. If the multiplier works for 

this case, it will work for the other cases where at least one of 

the MSBs is zero. Hence, a (M-2) bit counter is adequate for 

testing. For circuits with large number of inputs, exhaustive 

testing would require very large testing time. Minimal test 

vector set, which reduces the testing time without 

compromising the quality of detection of faults, may be 

obtained using the automatic test pattern generator (ATPG) 

algorithms [Smith 2003]. Computed Aided Design tools may 

also be used for generating the minimal test vectors using 

ATPG algorithm and assessing their fault coverage ratio. 

However, the generation of test patterns for wave-pipelined 

circuit is non trivial because we have to account for data 

dependent delays (delay for 001 is different from that for 

101) [Thomas Gray et al 1993] and this is compounded by 

the absence of accurate models for interconnects in FPGAs. 

Since the conventional ATPG techniques are not applicable 

for wave-pipelined circuits, we have to content with only 

random test vectors. By choosing different test vector sets 

consisting of different combinations and different ordering of 

test vectors, we can improve the confidence level.  

The BIST approach requires a number of overheads such 

as FSM, signature generator and test vector RAM. These 

blocks are useful only when the clock frequency and skew 

are to be varied.  If the operating frequency is chosen so that 

the stable period in Fig. 2 is greater by at least twice the 

worst case variation in the delay due to temperature, neither 

the clock frequency nor the skew need to be adjusted again. 

After these initial selection, the wave-pipelined circuit 

requires no further tuning and work satisfactorily without any 

external intervention. Instead of using a dedicated circuit 

such as BIST, a processor may be used to carry out the above 

tuning task.  For example, FPGA based speech recognition 

with SOC may perform the various tasks required by 

optimally partitioning between hardware   and software 

[Amudha et al 2007]. The tasks performed in software uses 

the on-chip processor. The hardware block may use wave-

pipelining and it may be tuned by the on-chip processor at the 

beginning.  

  For the SOC approach, PRBS generator, signature 

comparator blocks in Fig. 4 may be replaced by a block 

RAM which is used to store the outputs of the circuit under 

test corresponding to the test inputs. Since the 

communication interface between the on chip processor and 

the circuit under test is faster, the outputs can be directly read 

and compared with the expected output for every 

combination of skew and clock frequency. The algorithm for 

the FSM given in section 3.1 can be modified accordingly.   

The select inputs for the clock as well as skew blocks and the 

data inputs to the wave-pipelined circuit may be applied and 

varied through the on-chip processor.  

A variety of choices exist for the implementation of 

SOC. The SOC may consist of a hard core processor such as 

power PC or ARM processor and an FPGA coprocessor or 

DSP block. Alternatively, it may consist of soft-core 

processors such as Nios II or Micro blaze and a custom DSP 

block implemented in FPGA.  In this paper, Altera FPGA 

based SOC consisting of Nios II soft-core processor is used 

for the implementation. Fig. 6 shows the interface diagram of 

a Nios II processor along with the custom block (wave-

pipelined circuit). 

 

3.2.1 Procedure for Adjusting the Clock Period and Skew 

 

In this paper, the multiplier block is implemented as custom 

hardware for the soft-core processor. The period of the clock 

signal and delay introduced by the clock skew blocks depend 

on the interconnect delays, the location of the logic elements 

and the interconnects used for the implementation of these 

blocks should be fixed so that when this block is integrated 

with the multiplier or the processor, the interconnect delays 

are not altered. This is achieved by using the Logic Lock 

feature in Altera.  

The operating frequency of the wave-pipelined circuit is 

expected to lie between that of non-pipelined circuit and 

pipelined circuit. Hence, the minimum and maximum 

frequency of the clock generator should correspond to the 

maximum operating frequencies of the non-pipelined and 

pipelined circuits respectively. The approximate values of 

these two frequencies are found for the circuit to which the 

clock is to be applied using the synthesis report. After 

determining the range of the frequencies to be generated by 

the clock circuit, the number of delay blocks are adjusted.   

 

4. Design of multiplier unit 

 

The effectiveness of the approach proposed is 

studied by implementing self tuned wave-pipelined circuits 

with combinational logic block:  multipliers using dedicated 

AND gate. 

The implementation of multipliers is considered 

first. Xilinx FPGAs such as Spartan-II as well as Virtex 

devices and Altera FPGAs such as APEX and Cyclone II 

devices have fast carry logic and dedicated AND gate for 

each of the Look Up Tables (LUTs) in the Slices/Logic 



Elements (LEs). Since multiplying an N bit number by 2 

requires only AND gates and adders, fast Nx2 multipliers can 

be implemented using this dedicated hardware.  To 

implement a Nx4 multiplier, output of two Nx2 multipliers 

has to be added.  

 
         

Fig. 9. 10X10 Multiplier dedicated AND gate and fast carry 

logic. 

 

        To implement an NxM multiplier, the output of 
┌
log2M

┐
, Nx2 multipliers have to be added, 2 at a time in 

parallel in 
┌
log2M

┐
 stages appropriately.  The circuit diagram 

of the 10x10 multiplier using dedicated AND gate and fast 

carry logic is shown in Fig. 9. The dotted line indicates points 

where registers may be inserted for pipelining. For wave-

pipelining all the stages are directly connected without 

registers. The registers are used only at the inputs and 

outputs. 

 

5. Implementation of self tuned wave-pipelined circuits 

using BIST approach 

 

  The multipliers using dedicated AND gate is 

implemented on Xilinx Spartan II FPGA using BIST 

approach. It may be noted that the BIST approach is also 

applicable for Altera FPGAs. 

 

5.1 Implementation results on Multiplier using Spartan-II 

XC2S100  

The multipliers of size 4x4, 6x6 and 10X10 are 

implemented on Spartan-II XC2S100-5PQ208 device. The 

multipliers with and without pipelining are also implemented 

and the results are shown in Fig. 11. Overhead required for 

wave-pipelined circuits are also shown in Fig. 11.  

From Fig. 11, it may be noted that the wave-pipelined 

multipliers are faster by a factor of 1.43-1.46 compared to the 

non-pipelined multipliers. The pipelined multipliers are faster 

by a factor of 1.16-1.23 compared to the wave-pipelined 

multiplier. This is achieved by increasing the number of 

registers by a factor of 1.75-4.1 and slices by a factor of 1.21-

1.26. 

 
 

Fig. 11. Implementation results of multipliers using dedicated 

AND gate and fast carry logic. 

 

5.2 Implementation results on Multiplier using ASIC  

The self tuned wave-pipelined circuit in Fig. 4 is 

studied by using 10X10 multiplier as the combinational logic 

block. These circuits are implemented using 180nm 

technology in ASIC. Verilog HDL language is used to 

describe the functionality of the circuit and after the circuit is 

described in HDL, functionality is verified modelsim 

simulation tool. Leospectrum is used for synthesizing the 

circuit.  

 

Table. 1. Implementation results of multipliers using 

dedicated AND gate and fast carry logic. 

 

Schemes Area Freq.(Mhz) 

Pipelining 1623 343.4 

Non-pipelining 916 197.1 

Wave-pipelining 1431 203.2 

 



From table1, it may be noted that the wave-pipelined 

multipliers are faster by a factor of 1.03 compared to the non-

pipelined multipliers. The pipelined multipliers are faster by 

a factor of 1.6 compared to the wave-pipelined multiplier.  

 

6. Implementation of self tuned wave-pipelined circuits 

using SOC approach 

 

For the SOC approach, the soft-core processor, Nios II, is 

implemented on Altera FPGAs and 12X12 multiplier is 

implemented as custom hardware.  

The optimal clock period and clock skews are determined 

using the procedure described in section III.B.  Since the 

period of the clock signal and delay introduced by the clock 

skew block depend on the interconnect delays, the location of 

the LEs and the interconnects used for the implementation of 

these blocks should be fixed so that when these blocks are 

integrated with either the multiplier or the Nios II processor, 

the interconnect delays are not altered. This is achieved by 

using the Logic lock feature in Quartus II.   

As mentioned in section III, simulation is 

inadequate to test the wave-pipelined circuit.  Hence, this 

circuit is implemented along with the Nios II softcore 

processor and the former is added as the custom block to the 

Nios II using SOPC builder.  The program to be executed by 

the Nios II is written in C/C++ and the custom block is 

invoked as a function in the C/C++ program. A C++ program 

is written to read and write from the block RAM in the 

custom block.     

 

6.1 Implementation results on Multiplier using Apex 

20K200EFC484 

 

The results obtained for the 12X12 wave-pipelined 

multiplier using dedicated AND gate and fast carry logic are 

shown in Fig. 13. The multipliers with and without the 

pipelining are also implemented and these results are also 

shown in Fig. 13. Overhead required for wave-pipelined 

circuit is also shown in Fig. 13. From Fig. 13, it may be noted 

that the wave-pipelined multiplier is faster by a factor of 1.5 

compared to the non-pipelined multiplier. The pipelined 

multiplier is faster by a factor of 2.02 compared to the wave-

pipelined multiplier. This is achieved with increase in the no. 

of registers by a factor of 4.17 and LEs by a factor of 1.05. 

Quartus II does not have the power estimation feature for 

Altera Apex devices and hence powers dissipated by the 

different multiplier schemes are not compared. 

 

7. Conclusion 

 
Two automation schemes proposed in this paper for 

the FPGA implementation of the wave-pipelined circuit is 

tested using the multipliers with dedicated AND gate as well 

as fast carry logic. It is observed that wave-pipelined circuits 

operate faster by a factor of 2.6 compared to non-pipelined 

circuits. The pipelined circuits are in turn faster than the 

wave-pipelined circuits and this is achieved with the increase 

in the number of registers and LEs or slices.  Out of the two 

automation approaches, SOC approach requires less overhead 

compared to BIST approach. 

 

 
 

Fig. 13. Implementation results of 12X12 multiplier using 

dedicated AND gate fast carry logic. 
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