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ABSTRACT

Using lifting scheme to construct VLSI architectures of
discrete wavelet transform outperforms using convolu-
tion in many aspects, such as computation complex-
ity and boundary extension. Nevertheless, the critical
path of lifting scheme is potentially longer than that of
convolution. Although pipelining can reduce the criti-
cal path, it will prolong the latency and require more
registers for 1-D architecture as well as larger memory
size for 2-D line-based architecture. In this paper, an
efficient VLSI architecture is proposed to provide a va-
riety of hardware implementations for improving and
possibly minimizing the critical path and memory re-
quirement of lifting-based discrete wavelet transform
by flipping conventional lifting structures. By case
studies of JPEG2000 defaulted (9,7) filter and an inte-
ger (9,7) filter, the efficiency of the proposed flipping
structure is shown. i

1. INTRODUCTION

Since the discrete wavelet transform (DWT) was de-
duced by Mallat [1], many researches on wavelet-based
signal analysis and compression have derived fruitful
results due to its well time-frequency decomposition.
Furthermore, emerging image coding standards, such
as JPEG2000 still image coding and MPEG-{ still tex-
ture coding, have adopted the DWT as their transform
coder. However, the DWT requires more arithmetic
operations for its filter computation than the previous
generation transforms such as the discrete cosine trans-
form (DCT). Moreover, contrary to the block-based
DCT, the DWT is basically frame-based. The huge
amount of memory requirement and access bandwidth
becomes the bottleneck of the implementation for 2-D
DWT [2].

From the appearance of lifting scheme [3] and a fac-
torization method of lifting steps [4], lifting scheme is
widely used to reduce the computation of DWT as well
as the control complexity of boundary extension and
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memory access. On the other hand, line-based method
is proposed to shrink the internal memory requirement
from frame size to a few line buffers by proper memory
management [5]. Nonetheless, the trade-off between
the critical path and the size of line buffer has not been
discussed clearly in the literature. That is, as more
pipelining stages are cut to meet shorter critical path,
the required line buffer size will increase very rapidly.
In this paper, we propose an efficient VLSI architec-
ture for lifting-based DWT that can provide a variety
of hardware implementations to improve and possibly
minimize the critical path and the size of line buffer
by flipping conventional lifting structures. In section
2, the concepts, conventional architectures, and prob-
lems of lifting-based, convolution-based, and 2-D DWT
are described. Section 3 presents the proposed flipping
structure while two case studies of (9,7) filter are given
to prove the efficiency in section 4. Finally, conclusions
about this paper are provided in section 5.

2. DWT ARCHITECTURE

There have been many VLSI architectures that are
proposed for DWT implementation. Convolution-based
and lifting-based architectures are the mainstream for
1-D DWT while level-by-level and line-based methods
are the most feasible implementation for 2-D DWT. In
the following, we will briefly describe them and discuss
what problems may happen. For simplicity and com-
parison, only the case that throughout is 2-input/2-
output per clock cycle is considered.

2.1. Convolution-based

The arithmetic computation of DWT is basically
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Figure 1: Simplest convolution-based architecture

filter convolution and downsampling as follows:

Kt
zp(n) = Z h(i) - z(2n — 4)
oy
zr(n) = g(i)-z(2n —1) (1)

i=0

where zy, is the lowpass signal and =y is the highpass
signal.

Although [6] and [7] have proposed some efficient archi-
tectures.for convolution-based DWT, only the simplest
architecture shown in Fig. 1 can be used if throughout
is'set 2-input/2-output per clock cycle as well as the
minimal latency and registers are required. In Fig. 1,
the critical path is Ty, + (K — 1) - T, where Ty, is the
delay time of a multiplier, T, is the delay time of an
adder, and K is the filter length while the hardware
cost is 2K - Cy, + 2(K — 1) - C, where Cp, and C, are
the hardware cost of a multiplier and an adder, respec-
tively. Furthermore, using adder tree can improve the
critical path to Ty, + [loga(K)] - Tg. If linear DWT
filter is adopted, we can save the required number of
multipliers into the half by utilization of symmetric and
anti-symmetric structures without modifying the criti-
cal path.

2.2. Lifting scheme

Lifting scheme is a new method for constructing
wavelets by spatial approach [3]. Using lifting scheme
has many advantages, such as fewer arithmetic oper-
ations, in-place implementation, and easily to manage
_boundary extension. According to [4], any DWT filter
bank of perfect.reconstruction can bé decomposed into
a finite sequence ‘of lifting steps. This decomposition
corresponds to a factorization of the polyphase matrix
-of target wavelet filter into a sequence of alternating
- Apper and lower triangular matrices and a constant di-

agonal matrix as follows:
h(2) = he(2%) + 27 h,(2?)
9(2) = ge(2%) + 27 go(2%)

Po= [ 50
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where h(z) and g(z) are the lowpass and highpass anal-
ysis filters respectively as well as P(z) is the polyphase
matrix.

Although the arithmetic gain of lifting scheme over
convolution-based structures may possibly reach a fac-
tor four [8], the non-uniqueness of lifting factorizations
diversifies the design space of hardware implementa-
tion for lifting-based DWT. In [9], a systematic de-
sign method for efficient VLSI architectures of lifting
scheme is proposed, which includes specific lifting fac-
torization, dependence graph formation, and systolic
arrays mapping. The efficiency of lifting scheme with
respect to hardware cost and the complexity of control
circuits has been proven. However, the potentially long
critical path is not discussed in detail and solved prop-
erly.

In order to give a brief explanation of this crisis, the
popular (9,7) filter is taken as an example without
loss of generality. We can decompose the (9,7) fil-
ter into four lifting stages and derive the signal flow
graph as Fig. 2, where summation is performed at
computing nodes. It is clear that the normalization
step K and 1/K can be implemented independently
or together with quantization if data compression is
performed. Thus, we absorbedly focus on the imple-
mentation issue of the lifting stages. In comparison
with the convolution-based architecture that requires 9
multipliers, 14 adders and 7 registers if adder tree and
symmetry are adopted, Fig. 2 only needs 4 multipliers,
8 adders and 4 registers (K and 1/K are not involved).
Nonetheless, the critical path of the lifting-based ar-
chitecture is 4T, + 8T, while the convolution-based
one merely costs Ty, + 4T,. Certainly, pipelining the
lifting-based architecture can imiprove the serious tim-
ing problem but this will raise the number of registers
rapidly. For instance, the lifting architecture for (9,7)
filter can be pipelined to obtain a critical path T,,+2T,
with 6 additional registers. The penalty of pipelining
lifting scheme will become very critical in the imple-
mentation of line-based 2-D DWT because the number
of registers in 1-D DWT can dominate the hardware
design of line-based 2-D DWT, which will be described
later.
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Figure 2: SFG for (9,7) filter

2.3. 2-D DWT

For hardware implementation of 2-D DWT, RAM-

based 2-D DWT architectures possess many advan-
tages, including real-life feasibility, high regularity/ den-
sity of storage and simple control circuits, than other
architectures. According to the evaluation of [2], mem-
ory issue is the most important part for 2-D DWT im-
plementation, unlike the 1-D case, in which the number
of multipliers dominates. Generally speaking, we can
put RAM-based architectures into two categories, level-
by-level and line-based method. Which one is more pre-
ferred depends on what kind of hardware constraint is
set. The external memory access, which consumes the
most power and becomes very sensitive in the case of
system-on-a~chip, of level-by-level method is more than
double as much as that of line-based method. However,
line-based architectures suffer the internal memory re-
quirement.
Basically, the internal memory of line-based architec-
tures consists of data buffer and temporal buffer as
described in [10]. Furthermore, the data buffer is re-
lated to the input nodes of the signal flow graph for
1-D DWT and the size of temporal buffer is propor-
tional to the number of register nodes. That is, the
size of data buffer is fixed for any kind of architectures
if throughput is the same while the temporal buffer is
design-dependent. Thus, under the same timing cri-
teria, how to minimize the temporal buffer will be the
first consideration for hardware implementation of line-
based DWT.

3. PROPOSED FLIPPING STRUCTURE

As the mentioned above, conventional lifting archi-
tectures cost fewer arithmetic operations but suffer the
longer critical path than convolution-based architec-
tures. In this section, we will describe the bottleneck of

this timing problem and propose a VLSI architecture
called flipping structure to solve it.

By observing (2), it can be easily found that lifting
scheme is essentially composed of a series of comput-
ing stages. After the proposed lifting factorization of
[9], we can derive an efficient lifting architecture that is
a serial combination of computing units like Fig. 3(a).
And the critical path is the sum of the timing delay for
each computing units without pipelining. The accumu-
lative effect results from that output of the computing
node in each computing unit is the input node of the
next computing unit. For reducing the timing accu-
mulation, we suggest to eliminate the multiplier on the
path from input node to computing node by flipping
each computing unit with the inverse of the multiplier
coefficient such as Fig. 3(b). Then every computing
node can be splitted into two adders, one can process
in parallel with other computing units and the other
one is on the accumulative path, like Fig. 3(c). So, the
timing accumulation can be heavily reduced by flipping
the original lifting architectures. Another advantage of
flipping structures is that no additional multipliers or
adders will be required if the computing units are all
flipped. Furthermore, we can put the flipped coeffi-
cients into the normalization step for assurance that
correct lowpass and highpass coefficients will be ob-
tained.

In fact, flipping structures can have many alternatives.
How many computing units should be flipped is case-
by-case and dependent on hardware constraints. Surely,
the flipping method can be applied for lifting-based
Inverse-DWT as well because the basic computing unit
is the same as that of lifting-based DWT.

4. CASE STUDY

For showing the feasibility and efficiency of the pro-
posed flipping structure, two case studies will be given
in this section, including JPEG2000 default lossy DWT
(9,7) filter and an integer (9,7) filter.

4.1. JPEG2000 (9,7) filter

Since the lifting structure of (9,7) filter is very regu-
lar and typical, it is meaningful to compare its conven-
tional lifting architecture and flipping structure. The
lifting architecture only needs 4 multipliers, 8 adders,
and 4 registers with a critical path 47T, + 8T,. The
critical path can be reduced to T}, + 2T, by cutting 4
pipelining stages with 6 additional registers. Moreover,
totally 34 registers can be used to minimize the critical
path to a multiplier delay.

While flipping the lifting structure, the precision issue
should be taken into consideration because there exist
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Figure 3: (a) basic computing unit; (b) flipping com-
puting units; (c) after splitting computing nodes

the inverses of lifting coefficients. We design a feasi-
ble flipping structure for (9,7) filter as Fig. 4(a) by
flipping all computing units, and the precision is care-
fully preserved for all coefficients. The critical path of
this flipping structure is only T,, + 5T, without any
additional hardware cost. Furthermore, if 3 pipelining
stages are cut and some arithmetic operators are rear-
ranged as Fig. 4(b), the critical path will be down to
Tm + T, with 3 additional registers. The critical path
can also be minimized to a multiplier delay by using 5
pipelining stages, such as Fig. 4(c), which merely needs
11 registers.

For obtaining more realistic results, we verify the above
architectures with 12-bit precision for multiplier coeffi-
cients and 16-bit precision for intermediate data by us-
ing Verilog and then adopt Synopsys Design Compiler
to synthesize circuits with standard cells from Avant!
0.35-pm cell library. The timing constraint is set as
tight as possible for comparison. As a result, the syn-
thesis results for critical path are very close to our pre-
diction. At last, the experimental results are summa-
rized in Table 1, where the case of convolution-based
architecture is also listed.

4.2, Integer (9,7) filter

Besides the advantages of implementation issues,
lifting scheme also can provide a well-constructed archi-
tecture to design wavelet-like filters. At the same time,
both [11] and [12] propose a class of integer DWT filters
based on the lifting scheme of (9,7) filter. Moreover, the
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Figure 4: (a) flipping structure for (9,7) filter; (b) cut
3 pipeline stages; (c) cut 5 pipeline stages



. Multiplier | Adder] Critical path | Temp. buffer | Timing(ns) | Gate count
Conventional + no pipe. 4 8 4Tm+8Ta 4L 60 10084
Conventional + 4 stages 4 8 Tm+2Ta 10L 16 13082
Conventional + fully pipe. 4 8 Tm 34L - -
Flipping + no pipe. 4 8 Tm+5Ta 4L 21 10118
Flipping + 3 stages 4 8 Tm+1Ta 7L 12.6 11096
Flipping + 5 stages 4 8 Tm 11L 10 11244
Convolution + no pipe. 9 14 Tm+4Ta 7L - -
Convolution + 3 stages 9 14 Tm 3L -

Table 1: Comparison of several architectures for (9,7) filter
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Figure 5: 12-bit precision multiplication of 4/5

results of these two papers are the same and give a won-
derful integer DWT filter with coefficients, a = —3/2,
b=—1/16, c=4/5, d = 15/32, and K = 41/2/5. This
integer wavelet filter can reach nearly the same per-
formance as the original (9,7) filter but requires much
less hardware cost. We can use a few shifters and 2
adders to implement the multiplication of a, b, and d.
But ¢ needs a floating-point operation. If 12-bit preci-
sion of ¢ is considered, only 4 adders and 4 shifters are
sufficient for the implementation of multiplier ¢, such
as Fig. 5. Therefore, if conventional lifting architec-
ture is used for this integer DWT filter, 14 adders and
some shifters can complete the hardware implementa-
tion with critical path 147,.

However, if the computing unit of ¢ is flipped as Fig.
6, 13 adders are required for the hardware implemen-
tation with critical path 77T, by some modification of
computing nodes. Besides, there is no floating-point
operation in Fig. 6 and the precision of intermediate
data can be reduced.

5. CONCLUSION

In this paper, we have proposed an efficient VLSI
architecture for lifting-based DWT by flipping the con-
ventional lifting architectures. Flipping structures can

Figure 6: flipping structure of integer (9,7) filter

solve the serious timing problem of lifting scheme and
reduce the size of temporal buffer for line-based DW'T
to the extent of minimum possibly. It also can provide

a variety of well-featured architectures for any kind of
DWT filters.
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