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Abstract. Design of a hardware efficient multiplier-less architecture for
the computation of multi-dimensional convolution is presented in this
paper. The new architecture performs computations in the logarithmic
domain by utilizing novel multiplier-less log2 and inverse-log2 modules.
An effective data handling strategy is developed in conjunction with the
logarithmic modules to eliminate the necessity of multipliers in the archi-
tecture. The proposed approach reduces hardware resources significantly
compared to other approaches while it still maintains a high degree of
accuracy. The architecture is developed as a combined systolic-pipelined
design that produces an output in every clock cycle after the initial la-
tency of the system. The architecture is capable of operating with a high
speed clock frequency of 99 MHz based on Xilinx’s Virtex II 2v2000ff896-
4 FPGA and the throughput of the system is observed as 99 MOPS
(million outputs per second).

1 Introduction

Convolution is one of the many computationally intensive yet fundamental oper-
ations in digital signal processing applications which include speech processing,
digital communications, digital image and video processing. Image processors
can be used to perform convolution operation; however, these processors do not
fully exploit the parallelism in this operation. In addition, kernel size is usually
limited to a small bounded range. Dedicated hardware units are good for high
speed processing and large kernel size; however, these dedicated units usually
consume a large amount of hardware resources and high power consumption. It
is necessary to find optimal designs to reduce hardware resources and power con-
sumption while supporting high speed operations for real-time applications. The
definition of N -dimensional convolution O = W ∗ I in general can be expressed
as equation (1)

O(m1, ..., mN) =
a1∑

j1=−a1

...

aN∑

jN =−aN

W (j1, ..., jN ) × I(m1 − j1, ..., mN − jN ) (1)
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where ai = Ji−1
2 and W is the kernel function. The computational complexity is(

N∏
i=1

Mi ×
N∏

i=1
Ji

)
. For N=2, the complexity is in the order O(M1×M2, J1×J2),

where in applications of image processing, M1 × M2 is the dimension of I/O
images and J1 × J2 is the size of the kernel. For instance, in a video processing
application, if the frame size is 1024×1024 and the kernel size is 10×10, more
than 3 Giga-Operations-Per-Second (GOPS) are required to support real-time
processing rate of 30 frames per second.

Many researchers have studied and presented different techniques and designs
to support real-time computation of convolution operation. Various algorithms
are presented in [1] and these algorithms focus on reducing the number of multi-
plications and floating operations. These algorithms are more suitable for general
purpose processors or DSP processors. Examples of existing 2-D convolver chips
for convolution operation depend on the multipliers in the processing element
include HSP48901 and HSP48908 [2]. Other researchers presented techniques
and designs which rely on the multipliers in the processing elements that are
connected as a systolic architecture [3,4,5,6]. Several methods are developed to
reduce the computational complexity of convolution operations such as serializ-
ing the procedure or specializing the computation in bit or gate level [7,8,9]. One
of the common approaches for fast computation of convolution operation is to
integrate a specialized FPGA with a DSP processor [10,11]. These methods are
usually simpler and more effective than using multiprocessor approaches [12,13].
Some researchers have presented multiplier-less implementations of convolution
in more restricted form [14,15,16,17]. Such implementations rely on optimization
of filters with constant coefficients in which the optimization process requires the
filter coefficients to be power of two to simplify the hardware structures. It is
therefore inflexible for general purpose processing. In this paper, we propose
a very efficient architecture for implementation of multiplier-less filters while
permitting dynamic change of arbitrary kernel coefficients.

2 Theory of Log-Based Convolution Operation

The basic concept of reducing the computational complexity for multiplier-less
design for multi-dimensional convolution with arbitrary kernel coefficients is
based on operations in logarithmic domain in which multiplications are trans-
formed to additions. Therefore, the key point in the theory is to convert the
linear scale data into logarithmic base-two as the data is fed into the system in
real time. In this section the fast approximation method for log2 and inverse-log2
is discussed in detail. For now, we assume that both log2 (•) and log−1

2 (•) op-
erators are readily available in order to proceed with the convolution operation.
The logarithmic data is then added with the kernel coefficients which are already
converted in logarithmic base-two upon initialization. The actual results calcu-
lated by taking the inverse-log2 of the sums to convert back to linear scale inside
the processing elements (PEs). A more detailed description of the PE design is
covered in section 3. The overall output of a 1-D convolution operation, which
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is available at the output of last PE, is computed by successively accumulating
the partial results along a series of PEs. Hence, for K-point 1-D filters, only one
log2 and K inverse-log2 computations are needed to replace K signed multipliers
that are used in the conventional approach.

The same concept can be applied to multi-dimensional convolutions. The only
difference is that the output from each array of PEs may require appropriate de-
lays such that its partial results can be considered by other subsequent arrays of
PEs for further processing. For an N -dimensional filter, the basic building block
consists of multiple N -1 dimensional filters in successive filtering. In this paper,
only 2-D convolutions are explained in complete details since one-dimensional fil-
ters are too trivial and 2-D convolutions are more common in digital image/video
processing applications. The procedure also applies to higher dimensional filters.
It is important to note that we are not restricting the filter coefficients to specific
values or range as some of the earlier research works. For R-bit filter coefficients,
each PE can have any value out of 2R combinations.

2.1 Log2 and Inverse-Log2 Approximations

Most computational costs are dependent on the number of multiplication and
division operations in the application. As log2 and inverse-log2 modules are the
most critical components in reducing the computational complexity and hard-
ware resources, it is absolutely essential to obtain efficient approximation tech-
nique in conjunction with effective data handling strategy. Although only log
and inverse-log of base-two are discussed, the approximations can be applied
to any base by a simple multiplication with a scaling constant. Mathemati-
cally, the complexity of log2 and inverse-log2 is more costly than multipliers if
conventional approaches are used. The algorithm presented in this section uti-
lizes binary numeric system to logically compute log2 and inverse-log2 values
in a very efficient fashion. Given the definition of convolution, O = W ∗ I, the
one-dimensional space convolution with log2 and inverse-log2 operators can be
derived as:

O(m) =
(N−1)/2∑

j=−(N−1)/2

W (j)I (m − j) =
(N−1)/2∑

j=−(N−1)/2

2log2(W (j))+log2(I(m−j) (2)

Function O(m) is now approximated to significantly reduce computational com-
plexity:

O(m) =
(N−1)/2∑

j=−(N−1)/2
2V (m,j), 0 ≤ m ≤ M − 1

∼=
(N−1)/2∑

j=−(N−1)/2
2�V � + 2�V � · (V − �V �)

=
(N−1)/2∑

j=−(N−1)/2
{1 � �V �} + {(V − �V �) � �V �}

=
(N−1)/2∑

j=−(N−1)/2
(V − �V − 1�) � �V �

(3)
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Fig. 1. An example to illustrate the concept of log2 approximation method

Fig. 2. Actual curve and estimated curve of log2(A) obtained from approximation
technique

where V (m, j) = log2 (W (j)) + log2 (I (m − j)), ��, and � denote floor and
shift operators, respectively. Note that we have derived an expression of 1-D
convolution with all multiplications and divisions completely in terms of logical
shift operations while maintaining the generality of functions W (i) and I(m).
The same concept can be generalized to multi-dimensional convolutions. The
log2 operator is similar to log−1

2 (L) ∼= (L − �L − 1�) � �L� and can also be
performed by logical operations only.

The following example is provided to illustrate the concept of estimating the
value of log2. Given a positive integer A in binary form, the logical computation for
log2 is achieved by determining the index value of the most significant bit (MSB)
being ’1’ and the fraction. The index locating concept is illustrated in Fig. 1 with an
8-bit integer. In binary, every bit location corresponds to the linear value 2i, where
i is the index of the bit position. Hence integer part of log2 is extracted directly
from the index value with MSB equal to one. The remaining bits after index value
form the fraction of log2. For example, for an 8-bit value A=254, the index will be
7 and the approximated log2 will be 7.98438 in decimal whereas the exact value of
log2(A) is 7.98868, and hence the error is 0.00430 as illustrated in Fig. 1.
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Fig. 3. Actual curve and estimated curve of inverse-log2(A) obtained the estimation
method

This logic is also true for numbers less than 1. The only difference is its
indexing mechanism, where the indices range from R-1 down to -R which is rep-
resented with R-bit integer and R-bit fraction (total of 2R bits). The logical cal-
culation for inverse-log2 is exactly the reverse process of the log2 approximation
technique just described. The approximation error is minor and is negligible for
multi-dimensional convolution in general for most applications. Fig. 2 shows the
estimated curve obtained from the approximation method and the actual curve
for the log2 of an 8-bit integer A. The approximation method for inverse-log2
implements the reverse-procedure of the log2 approximation where the integer
part of the input number is interpreted as the index for the MSB being ’1’ in the
result. Fig. 3 shows the estimated inverse-log2 curve and the actual inverse-log2
curve for an 8-bit input number A.

Fig. 4. Block diagram of 2-D convolution architecture
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3 Architecture for Log-Based 2-D Convolution

Since the concept and computational procedure for multi-dimensional convolu-
tions are the same as those of 2-D convolution, only the architecture design for
2-D convolution is discussed in this section. The overview of the architecture for
2-D convolution is shown in Fig. 4. As the input data being fed into the system,
it is converted into log2 scale through the approximation module. For an R-bit
input data, the integer portion of data in log2 scale occupies log2(R) bits. The
remaining (R - log2(R)) bits are considered as the fractional part. The log2 scaled
data is then passed through J1-1 line buffers or delay lines which is implemented
with dual port RAM (DPRAM). The line buffers are managed by an address
generator. The outputs of line buffers are simultaneously fed into arrays of PEs
on each row and the partial outputs of the PEs along each row are successively
accumulated from J2 to 1. The outputs of the PE arrays at the last column are
summed by adder tree, which can be pipelined to improve overall system speed.
This filter output may be scaled by a constant in the scaler module which is sim-
ply a multiplication operation of the output with a scaled constant. The scaler
module is necessary when one needs to de-normalize the kernel coefficients. For
example, for the Laplacian kernel, the magnitude of coefficient at the center of
the mask is usually greater than one even though the values of the entire mask
are summed up to zero. Another simple but very useful structure incorporated
in this architecture is the inter-chained bus (iBus) which is a chain of flip-flops
where the system can be initialized without using the mapping of I/O registers.

3.1 Processing Elements (PEs)

The most crucial part of the entire architecture design process of a convolution
system is the design of PEs. Often, designs of hardware architecture with simple
but efficient structures are the most desired approaches. Architecture of the PEs
is shown in Fig. 5 to illustrate the design of the PEs. The ”Coeff In” bus is part
of ”iBus” where the kernel coefficients are clocked into the coefficient registers
and they are propagated through the chain of registers, which is accomplished
by simply feeding the output of the coefficient register in current PE to the input
of coefficient register in the next PE. ”Data In” bus on each PE array carries
the log2 scaled data from the output of each line buffer. This data is added
with the kernel coefficients. Summation of ”Data In” with ”Coeff”, which are in
log scale at all nodes is the equivalent results of multiplications in linear scale.
Hence, inverse-log2 operations bring back the results to linear scale where these
partial results can be accumulated in series of PEs within each PE array. The
sign bit of coefficient register indicates whether addition or subtraction should
be performed along accumulation line. The interface structure of adjacent PEs
which is used to interact with other PEs is also shown in Fig. 5.

The accumulator output ”ACCout” at the end of each PE array is fed to
adder tree where the overall output of the system is calculated. The hardware
components of each PE include two adders, two registers, and one inverse-log2
which is designed with an efficient approximation module. The architectures of
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Fig. 5. Architecture of processing elements

log2 and inverse-log2 rely on finding the index of the most significant ’1’ bit in
a binary number. Since the approximation mechanism used in this design is a
logical operation instead of arithmetical calculation, it is feasible to estimate log2
and inverse-log2 within single clock cycle while still achieving high speed oper-
ation without utilizing specialized hardware or additional pipelining resources.
The architectures for log2 and inverse-log2 are quite simple yet very fast and
very efficient in terms of speed and hardware resources.

3.2 Log2 Architecture

The log2 architecture consists of mainly the R-bit standard priority encoder
and a modified barrel shifter (MBS). The general architectural design for log2
is shown in Fig. 6. The priority encoder provides the index output based on the

Fig. 6. (a) Architecture of log2, (b) Mapping of multiplexers in MBS
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logic ’1’ of the highest bit in the input value. As indicated in Fig. 6a where R
equals 16, the input of priority encoder is capable of encoding any 16-bit real
number. If the input value is strictly a positive integer, the index output maps
directly to the integer portion of log2 scale, binary 0000 to 1111 in this exam-
ple. The infinity is bounded to index 0 as it is the logical function of priority
encoder and that there is no need of defining log2(0) = −∞ for practical con-
volutions in general. If the input value has both integer and fractional parts,
the MSB of the index on the output of priority encoder is inverted to deter-
mine the actual integer part of log2 scale. For example, the index value is now
mapped to [7, -8] instead of [15, 0] integer input value. Index 0 now corre-
sponds to -8 in 2’s complement. For the same reason, log(0) = −∞ is bounded
to -8.

The fractional bits are extracted with modified barrel shifter. It is composed
of R-1 R-to-1 multiplexers at the most. The logical functional view for mapping
the set of multiplexers is that given the index, it always shifts the bit stream at
the index position to be the first bit at its output. In standard barrel shifter, the
output can be linearly or circularly shifted by i positions from index 0 to R-1;
however, the modified barrel shifters in both log2 and inverse-log2 exhibit the
reverse mapping. The mapping of R-1 multiplexers is indicated in Fig. 6b. The
index value along the vertical axis represents the index that specifies i shifts. It is
directly connected to the select lines of multiplexers. So for binary combination
of i shifts, the corresponding input i is enabled. The outputs of multiplexers are
one-to-one mapping to the R -1 bit output bus. The index on the horizontal axis
represents the bit value of the input at corresponding bit location. The values
within the horizontal and vertical grid specify the multiplexer numbers where
the corresponding bit values of the input are mapped to. For example, with the
index value of 3, bit values at locations 0 to R-1 of the input are mapped to the
third set of inputs of multiplexer numbered R-4 to 0. The third set of inputs of
the multiplexers outside the mapping bit range of the input is padded with zeros
for simplicity. The net number of inputs of the multiplexers can be reduced by
a half when the architecture of MBS is optimized, eliminating the zero-padded
inputs. The fraction on the output of MBS occupies R-log2(R) bits with the
fixed point log2(R) bits down from the MSB. Note that the whole fraction can
be preserved; however it is truncated to R-log2(R) bits so the integer and fraction
add up to the same bus size as the input.

The maximum propagation delay of the log2 architecture is computed based
on the critical path of the combinational network in priority encoder and mod-
ified barrel shifter where the modified barrel shifter depends on the index from
priority encoder to perform i shifts. Note that the arrangement of multiplexers
is completely in parallel such that the overall latency comprises a single mul-
tiplexer. The depth of propagation delay is significantly less compared to non-
pipelined conventional multipliers. It implies that the architecture can provide
very high speed operations.
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3.3 Inverse-Log2 Architecture

Structural mapping of inverse-log2 is the reverse one of log2, as illustrated in
Fig. 7b. The inverse-log2 architecture is simpler than log2 architecture since it is
not necessary to have the decoder to undo the priority encoding where the inte-
ger part serves as i shifts to the reverse of the modified barrel shifter (RMBS).
The inverter is not needed for the inverse-log2 architecture shown in Fig. 7a for
log2 scaled inputs greater than or equal to zero. Note that negative values of
log2 scale indicate the inverse-log2 result in linear scale should be a fraction.

Fig. 7. (a) Architecture of inverse-log2, (b) Mapping of multiplexers in RMBS

For applications where such small numbers are insignificant, the hardware
resource can be reduced by half for the conversion of signed inverse-log2 scale to
linear scale. Another important point is that the fraction bits fed to the reverse
of the modified barrel shifter should be padded with logic ’1’ at the MSB such
that the magnitude of index can be restored in binary. It is the equivalence to
performing the OR operation between the decoded bit and the unpadded fraction
bits if the decoder was included in the architecture to form the exact reverse of
log2 architecture. The difference in processing time can be quite significant with
such a minor modification. The operating frequency of inverse-log2 architecture
is estimated to be twice that of the log2 architecture as the propagation delay
of the critical path is reduced to half.
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4 Simulation Results

In this section, the setup of simulation parameters is examined. Two types of
filters are applied to evaluate the performance of designed architecture as well
as the accuracy of the proposed method. In the first set of the simulations,
we looked at a common operation in image processing applications which uses
a Laplacian kernel to detect edges in grayscale images. The second operation
which involves 2-D convolution is the noise removal in image processing ap-
plications. For the second set of experimental simulations, we used a general
Gaussian kernel for the filter. The hardware simulation of 2-D convolution was
tested on a set of JPEG images to determine the accuracy of the results pro-
duced by hardware architecture. Each image was converted to grayscale of 8-bit
resolution and fed into the architecture pixel by pixel. The constraint of data
values in the simulation of architecture was strictly checked and validated at all
time. The log2 and inverse-log2 architectures were restricted to 8-bit resolution
(3 bits for integer and 5 bits for fraction). To optimize the hardware resource,
the kernel coefficients were normalized to have maximum magnitude of one in
linear scale (the actual values are in log2 scale and these coefficients are stored
in coefficient registers). The inverse-log2 module inside each PE was set to 16
bit resolution (the output has 8 bits integer and 8 bits fraction) for maximum
precision.

4.1 Edge Detection by Laplacian Kernel

Fig. 8a shows the Laplacian kernel with the magnitude of coefficients normal-
ized to [0, 1]. Fig. 8b is the grayscale test image. The result of applying edge
detection mask to 2-D convolution by Matlab function is shown in Fig. 8c. The
intermediate calculations involved are double precision. The resulting image from
hardware simulation is shown in Fig. 8d. It is clear that the approximated im-
age obtained from the architecture simulation is fairly close to the actual image
filtered with Matlab function. A scaled/de-normalized version of the simulation
result is shown in Fig. 8e. There are some minor effects resulted from padding

Fig. 8. Edge detection with Laplacian kernel: (a) normalized Laplacian kernel, (b)
grayscale input image, (c) 2-D convolution result by Matlab function, (d) 2-D convo-
lution result by hardware simulation, (e) hardware simulation result scaled by 2
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procedure along the borders of the image. It is because the architecture pads
the data on the opposite borders; however, the effect is insignificant in general.
Techniques which can be used to eliminate the padding effect include padding
with zero, padding with symmetrical values, etc. [18].

4.2 Noise Filtering by Gaussian Kernel

The corrupted grayscale image of Fig. 8b is shown in Fig. 9a. The Gaussian
white noise with mean m=0, and variance σ2=0.05 was applied to the grayscale
image. A 10×10 Gaussian filter with standard deviation was quantized according
to the architecture and it was convolved with the corrupted image. The results
by Matlab function and hardware simulation are shown in Fig. 9b and 9c respec-
tively. In all experiments, it was observed that the error is negligible; hence, the
inverse-log2 may be optimized to 8 bits and ignoring the fractions, in addition
to eliminating padded zeros of architectures shown in Fig.s 6 and 7.

Fig. 9. Smoothening of image corrupted by Gaussian white noise: (a) grayscale of input
image corrupted by Gaussian white noise with m=0, and σ2=0.05, (b) image filtered
by Matlab function, (c) image filtered by the proposed hardware

4.3 Performance Analysis

The main components of architecture presented in section 3 are log2, inverse-log2,
and PE. These components have been simulated on Xilinx’s Integrated Software
Environment (ISE). The performances and resource utilization of log2/inverse-
log2 architectures are shown in Tables 1 and 2. The maximum operating fre-
quencies are 205 MHz, 121 MHz, and 100 MHz for log2 module with 8, 16, and
32 bit resolutions respectively. Similarly, the inverse-log2 module is capable of
operating with 305 MHz, 235 MHz, and 212 MHz for 8, 16, and 32 bit resolutions
respectively. As expected, the performance of inverse-log2 architecture is better
than that of log2 architecture (approximately 2 times faster).

The maximum operating frequency is shown in Table 3 where each PE is
capable of operating with 114 MHz, 99 MHz, and 81 MHz for 8, 16, and 32
bit resolutions respectively. For 16-bit PE, the complete implementation of non-
optimized convolution architecture is estimated to have clock frequency close
to 99 MHz. Since the architecture is designed as a pipelined-systolic system,
it can produce an output every cycle after the initial latency of the system
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Table 1. Performance and hardware utilization of log2 architecture with various res-
olutions

Table 2. Performance and hardware utilization of inverse-log2 architecture with vari-
ous resolutions

Table 3. Performance and hardware utilization of PE architecture with various reso-
lutions

Table 4. Comparison of hardware resources and performance with other 2-D convolu-
tion implementations

which is insignificant compared to the overall operation time. The architecture
is therefore capable of sustaining a throughput rate of 99 Mega-outputs per sec-
ond which is very suitable for real-time image or signal processing applications.
With 1024×1024 frame size in video processing and 10×10 kernel dimension,
the architecture is capable of performing at 94.6 frames per second or equiva-
lently 9.9GOPS. A comparison of hardware resources and the performance with
3 other systems for 2-D convolution is shown in Table 4.

5 Conclusion

A new architecture for computing multi-dimensional convolution without using
multipliers has been proposed in this paper. The approach utilized approxima-
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tion techniques to efficiently estimate log2 and inverse-log2 for supporting con-
volution operation in logarithmic domain. The approximation architectures can
process over 100 million and 200 million calculations for 16-bit log2 and inverse-
log2 operations per second respectively. An effective and intelligent data handling
strategy was developed to support the approximation architecture which resulted
in the elimination of the need for multipliers in the convolution operation. The
architecture design for 2-D convolution is capable of maintaining a throughput
rate of 99 Mega-outputs per second for 16-bit PE resolution in Xilinx’s Virtex
II 2v2000ff896-4 FPGA at a clock frequency of 99 MHz.
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