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Abstract - An attempt has been made to design a high
throughput VLSI architecture for one dimensional median
filter to suppress the impulse noise in real time signal and
image processing applications. The proposed architecture
is based on parallel and pipelined techniques. It takes
8-bit data serially and computes the median value in
parallel and pipelined fashion out of a window having size of
nine samples. This architecture is described in VerilogHDL
and synthesized using commercially available 0.18um CMOS
technology at 1.8V power supply. The synthesis result gives an
approximate core area and power of 1.2mm2 and 92.5mW
respectively at 700MHz clock frequency leading to a latency of
thirteen clock cycles only.

I. INTRODUCTION

In many signal and image processing applications, it
is essential to suppress the noisy signals while
preserving the required necessary information i.e.,
without losing edge information in this process. The
techniques such as linear filtering, average filtering, and
median filtering have been used to smoothen the noisy
signals but the linear filtering smoothens noisy signals as
well as edges ie., high frequency information.
Median filtering techniques have been used to
smoothen the impulsive noise without losing high
frequency signals i.e., preserving edge information.
Some properties of median filtering are that (a) it
smoothens the transient signals, (b) removes impulse noises
from the signals and (c) preserves the edge information in
the filtered signals (images). The concept of median
filtering was first proposed by Tukey [1]. Median
filtering techniques have been widely used in various
signal and image processing applications mentioned in
[2,3]. Since decades, implementation of median filtering
has been attempted in software and commercially
available DSP processor environment. But the main
constraint of aforesaid implementations is speed. To
overcome this constraint, some attempts have been made to
implement median filtering in hardware for real time
applications [3, 4]. Since most of the median value
computations are based on sorting algorithm [5-8], Fast

median filter architecture therefore depends on the
availability of an efficient structure to perform sorting.
The rest of this paper is organized as

follows: Section-II describes the algorithm for median
filtering with an example, Section-IIl presents and
describes proposed high throughput VLSI architecture
for 9-sample window. The simulation and synthesis
results have been presented and discussed in Section-IV
and finally Section-V concludes the paper.
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ILLMEDIAN FILTERING ALGORITHM

This section presents steps for median filtering based
on fast sorting algorithm with example for clarity. The
basic theory of median filter is not discussed here, however
readers may refer to [9, 10] for the same.

The fastest method of sorting is to perform multiple
actions (addition and deletion of elements) at the same time
[11,12]. We describe these operations as given here, when
values are input in a serial order, into the median filter, we can
maintain two arrays, one called window array which
contains input elements and second one is called sorted
array,  which  contains  window elements in sorted
fashion(ascending/descending). To relate both the arrays, we
maintain a third array called the aging array. Here importance

of the ageing array is that the i"™ clement of the aging array

indicates the time to be spent by the ith element of sorted array
in the window array of the median filter. In a median filter of
window length of 9, an element spends 9 clock cycles in the
window array of the filter before leaving. So the aging
array contains values from 0 to 8. An example of the above
described arrays is shown below.

An Example:

Window Array W=[66 25 81 15255 150 174 111 181]
Sorted Array S=[255 181 174 150 111 81 66 25 15]
Aging Array A=[402316875]

In an instant, we can see that the value 181 is at the
right extreme of the window array, so when the next value gets
input from the left, 181 has to leave the array. Hence its age is
0. The value 66 which is at the left extreme has 8 in its
aging array register. For every clocking, the values in
the aging array decrease by 1 indicating that the value bas
moved 1 place closer to its exit. When value in aging array
becomes zero, no more time to be spent by that element in the
window and hence should then be deleted with the next clock
pulse.

As soon as a new value enters the window array, the
oldest value in that array gets deleted. The same oldest value
must be deleted from the sorted array while adding the new
element. The oldest value in the sorted array is that
element which has its corresponding element in aging array
with value = 0.
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Here the steps are as follows:

1. The new element in window array W, is compared

with remaining 8 elements of the window array
computes its position in sorted array S.

2. The oldest value in the sorted array is identified as
explained before.

3. Necessary signals are generated to right shift or left
shift certain elements in the sorted array such that
oldest value is deleted from the sorted array while
accommodating the latest value without disturbing the
sorted order.

4. The elements in aging array A, are shifted in the same
way as the corresponding elements in the sorted array. At
the same time their values are decremented by 1 for every
clock cycle so that the aging phenomenon is implemented.

5. The value 8 is introduced in the aging array in the
place corresponding to the newly introduced value in the
sorted array.

6. The middle value in the sorted array is taken as the
median.

ITII. PROPOSED ARCHITECTURE

This section describes the proposed fast VLSI
architecture for fixed window size of 9 and word size
of 8-bits. Proposed fast median filter architecture as
shown in Fig.l has been explained in following stages
briefly and subsequently details of these stages given.

Stagel. The comparison stage that involves 8 comparators
with 8 bit comparison.

Stage2. Adders stage to add the output of the
comparators to compute the position of the new arrival in
the sorted array.

Stage3. The shifting signals generation stage where right or
left shift signals are computed to input to the 9 registers of
the sorted array and 9 registers of aging array.
Aging array has a decrementor to decrement values
in its registers by 1 in every clock cycles.

Stage4. Output stage which is just a median collector
connected to 5th register in the sorted array registers.

The control logic path as in Fig.1, is an important circuitry
to generate control signals for median filtering. And this is
a parallel and pipelined version to reduce the critical delay.

The rest of this section explores the architecture at the
gate level of each block described above and shown in
Fig.1. Here we have designed the circuits for each
block and integrated to a final architecture using
parallel and pipelined techniques to have lesser critical
delay and thus to achieve high throughput.
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Fig.1: Proposed Median Filter Architecture
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A. Comparator Stage:

The comparator stage shown in Fig.2, happens to be
the critical path in [11] with an 8bit comparator taking 15gate
delays. So to get the fastest filter, we need optimization of the
circuit of this stage. We used a basic 2 bit comparator as
shown in Fig3. This 2- bit comparator outputs b>a signal. We
used similar version to get a>b signal. Every 2-bit pairs of the
two numbers to be compared are compared in parallel using
this idea. Two such blocks are merged to make a 4-bit
comparison block as shown in Fig 4(a) using the merging
circuit in Fig4 (b). Using same merging circuit,

we can use two 4-bit comparison blocks to make an 8-bit
comparison block. Hence the critical path of the §-bit
comparator is one 2-bit comparator circuit of Fig.3, which is 3
gates plus one inverter and two merging circuit of Fig.4(b)
with two gates plus one inverter each. Thus total of seven
2-input gates plus three inverters delay as critical delay in
comparator. The beauty of this comparator design is that
whenever number of bit are doubled, the critical path
increases by just one merging circuit which is 2 gate plus one
inverter delays as in Fig 4(b). This design is much better than
the one used in [11].

B. Addition Stage:

This stage is just a cluster of half adders and full adders that
add 8 single bits. For speed constraint, we have used parallel
addition of bits, as shown in structure given in Fig5. The ge
bits indicate the a >= b output bits from the comparators shown
in Fig2. The addition of all eight comparator outputs (ge) gives
the number of elements in window array, which are less than
the new element. Thus the output (su) of the adder stage gives
position of the new value in the sorted array which is a 4 bit
number ranging form 0000 to 1000. In our implementation we
split this stage into two pipelined stages to reduce the delay.

340

Authorized licensed use limited to: Hong Kong University of Science and Technology. Downloaded on April 19,2010 at 02:50:42 UTC from IEEE Xplore. Restrictions apply.




High Throughput VLSI Architecture for One Dimensional Median Filter

Fpid — L - —] n
A ‘ Hg|— |': L :5-|- Ky Ay :l!_._
COMF :l:rllr CaMP, cmr Eﬂll?l CaNF COMP | CORE
ael DE".' gad  psl gef =" qe? 1
Fig.2: Window registers with Comparators
=0 _['"--.;_—_'h
" | SR
w1 | N
ml ‘[__.-""u =% 2w
o1 1'__.-' |-j~_.-'r b
Fig.3: 2-bit comparator circuit
L E]
—— h=a(k3)
ol 3 p—
I . -,
EI — h>=a{k 1] hld_,_-':' i
;l B B

(]
Fig.4: (a) Two 2-bit comparator blocks (b)Integration circuit for 4-
bit comparator using (a)
C. Shifting Stage (Sorting and Aging):

This is one of the key stage in the median filtering process
and thus has been described here in detail for the sake of
clarity. This stage contains 18 registers in all and some
combinational logic gates. Nine 8-bit registers for
the sorted array (in descending order) and nine 4-bit
registers for the aging array which can have nine
possible values from 0000 to 1000. The oldest value in
the sorted array is the one with its corresponding aging
array value equal to 0000. The output of the addition stage
'su' indicates the position of the newly arrived value in the
sorted array after the oldest value gets removed. 'su'
can have nine possible values from 0000 to 1000. Also
there are nine possible places for the oldest value, to be
present in the sorted array. So with every clock pulse,
right and left shift operations must be performed in
sorted and aging arrays keeping 9%9 = 81 possible cases in
view as shown in Table-I. These operations can be done as
explained below: To each sorted register and the
corresponding aging register, we assign some signals that
control the data that has to enter the register. So for any
sorted register S;, if data has to shift right into it i.e., from
Si+1 to S; then a signal r; = 1 is generated. Similarly if data
has to left shift from S;; into S; then a signal I=1 is
generated. Since the register Sg has no register to its
left, data cannot right shift into it. So there is no signal
called 3. in table-1. Similarly data cannot left shift into
register S, as there is no register to its right. So there is
no signal called 1, in table-1
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Fig.5: Adder Stage Circuit

If su=i, then the newly arrived value (X) as in Fig.6, has to
enter S;, with an assigned signal c; equal to logic “1”. In case
su#1i,¢=0. In case of aging registers, the effect of the
signals 1, 1, and ¢; remains the same as their
corresponding sorted registers. But when the newly arrived
value(X) enters S;, then a 4-bit value of 8 (i.e. Vg=1000), is
assigned to its corresponding aging register A;. In addition to
this, the values in all the aging registers except the register in
which Vg enters have to decrement with every clock pulse.
The decrementors are used at the output of all aging
registers, and connected to the corresponding aging registers
with control signals of r; or I to get right or left shift
respectively. D;is the decremented value of the content A;. Dy,
and D, are the decremented values of right and left neighbors
of A;. Since there is no shifting operation in ageing registers in
case of signals r;and 1, equal to logic “0” and c; equal to
logic “0”, the ageing registers have to update by feed back
from their decrementors. In this case another signal n; is
derived from logic of 1; and r; and ¢; as shown in Fig.8 to
update the aging registers.

These signals are used during shifting operation in
sorted registers as shown in Fig.6. When the system is reset,
the aging registers should get reset to values from 0
to 8. The implementation of this design is as shown in Fig.7.
If the oldest value in the sorted array is in i" register, then
content in aging array A; would be zero and an associated
signal a; becomes 1. The computation of r's, I's and c's, is
based on Table-I, which is shown in Fig.8 in logical form
and its analysis is presented in preceding paragraph for a
particular case.

For example; the oldest value is in the 4™ sorted array
register, then a,=1. Now say the newly arrived value has to
come to the least position i.e., su=0000, then all the values in
the sorted array between 3" register to 0" register need to left
shift by one place so that the value in 4™ register gets
deleted while the newly arrived value can be
accommodated in the zero™ place. So 1,=1;=1,=1;=1 and
co=1. This way for each combination of A; and su, there is
some combination of shifting operation (right shift/left
shift) as shown in Table-1. Here reader may refer to Table-1
for other cases for clarity.
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Table-1
Shifting Logic
su I716I'5T4T3T20'1T0 Isl716lsl4l312
ao=1 0000 00000000 00000000
0001 00000001 00000000 AP B _"\.
0010 00000011 00000000 e ¥
0011 00000111 00000000 =1 =i -:
0100 00001111 00000000 Boog (30— — L ERR ]
0101 00011111 00000000 E mik g, I, T A |_ =5 i
0110 00111111 00000000 . — e | '  — i |HL| R
0111 01111111 00000000 o By - | i s — | =
1000 11111111 00000000 . - |_ » (=1
ai=1 0000 00000000 00000001 - o 5
0001 00000000 00000000 L LR L A
0010 00000010 00000000 ! | _ | !
0011 00000110 00000000 i F -~ |_.
0100 00001110 00000000 LA S [y MY
0101 00011110 00000000 i __I
0110 00111110 00000000
0111 01111110 00000000
1000 11111110 00000000 . . . . .
— 00 0000000 So0000TT Fig.6: Sorting Array Register with control signals
0001 00000000 00000001
0010 00000000 00000000
0011 00000100 00000000
0100 00001100 00000000
0101 00011100 00000000
0110 00111100 00000000
0111 01111100 00000000 & - Ir—
1000 11111100 00000000 - :|-'|I 7-0]
as=1 0000 00000000 00000111 11 e ] __,-'
0001 00000000 00000110 -
0010 00000000 00000100 3 7 0] — -. -
0011 00000000 00000000 il |: |
0100 00001000 00000000 1 - - T —
0101 00011000 00000000 =T | | & =
0110 00111000 00000000 - j e & RE-_ - 1§ r :l 1
. s e " -
0111 01111000 00000000 5 | 70 ] \ f—
1000 11111000 00000000 1 o
ar| 0000 00000000 00001111 Ty A _
0001 00000000 00001110 - re —
0010 00000000 00001100 - | i |
0011 00000000 00001000 o i}
0100 00000000 00000000 1 _—
0101 00010000 00000000
0110 00110000 00000000 . . . . .
o 1110000 30000000 Fig.7: Aging Array Register with control signals
1000 11110000 00000000
as=1 0000 00000000 00011111
0001 00000000 00011110
0010 00000000 00011100
0011 00000000 00011000 IV. SYNTHESIS RESULTS & DISCUSSION
0100 00000000 00010000
e o s The technology independent results of proposed
ol L0000 S0u0000 architecture is presented in terms of gate delay in
1 " oo o Table-II which is critical delay and vital for high
ac .. .
o001 00000000 o011110 throughputs. The critical delay, in terms of
o s e number of 2-input gate delays is much better
oo 0000000 0L than the results presented in [11]. The critical path
o110 00000000 00000000 delay in terms of gate delay increases by two with
0111 01000000 00000000 . . . .
000 TT000000 0000000 doubling of word size. This can be realized from
il o o i Fig.4(b). The latency of our proposed parallel and
0010 00000000 oL pipelined architecture is only four clock cycles. But
o011 00000000 01111000 the window array requires initial cycles known
o s e as input latency to get window elements. Thus
0110 00000000 01000000 the input latency is equal to the window size (in this
0111 00000000 00000000 . .
To00 10000000 50000000 case 9) which can not be avoided. Hence total
a o o T latency is sum of input latency plus architectural
0010 00000000 L1100 latency, which is equal to thirteen clock cycles in
0011 00000000 11111000 . .
0100 00000000 11110000 this architecture
0101 00000000 11100000
0110 00000000 11000000
0111 00000000 10000000
1000 00000000 00000000

ENEN
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11 = (~(a0)) & (~(su[3] | su[2] [ su[1] |

su[0])) 12 = (~(a1 | ap)) & (~(su[2] |

su1] | su[0]))

I3 = (~(a2| a1 | a9)) & (~(su[3] | su[2] (su[1] & su[0]))) l4=
(~(a3| a2 | a1 | ag)) & (~(su[3] | su[2]))

Is = (ag | a7 | ag | as) & (~(su[3] | (su[2] & (su[1]| su[0])))) l¢ =
(@g |a7 | ag) & (~(suf3] | (su[2] & su[1])))

TableIl
Comparator Critical Delay

17 = (ag | a7) & (~(su[3] | (su[2] & su[1] & su[0])))

Ig = (ag) & (~su[3])

1o = (ag) & (su[3] | su[2] | su[1]
| su[0]) 1 =(ay |ag) & (su[3] |

su[2] | su[1])

1y = (az | a1 [ag) & (su[3] | su[2] | (su[1] & su[0]))
3= (a3 | a2 |a) | ag) & (su[3] | su[2])

14 = (~(ag | a7 | ag | as5)) & (su3] | (su[2] & (su[1]|su[0]))) r5=

(~(ag | a7 | ag)) & (su[3] | (su[2] & su[1]))

16 = (~(ag | a7)) & (su[3] | (su[2] & su[1] & su[0]))

17 = (~(ag)) & (su[3])

ng = (~(rq | c0))

0= (~(rj|Lj| ¢p); fori=1

to 7 ng= (~(Ig | cg))

Fig.8.

Waord Siza Critical Dalay [11] Critical Dalay
[our propesed architucture]
B-buts 15 Gatas T Gaes + 3 [zverien
L I 8 Gares + 4 [zverten
Table-IIT
Characterizdc Paramecers
Pazamstar [12]Real-Tins Cur Proposed
hladiz=z Filoar Chip Architecthuzs
Ip CMOS 0.1Ep CMOS
Techoclogy Tecknology
Tis Stz [mar) i 12
Max Clock n 00
Fraguency(MFZ)
Max ThroughPus 0 700
Mega-mediansisac)
Mex Power B 313
Drissipationmi?)

Controller circuit signals (r;,l;, nj and ¢;) (Where &, | and ~ stands for
AND, OR and INVERTER function respectively)

Total Latency
Cursor = 21 7Tng w -
Baseline = 4.9ns &—————Input Latenmy ——————  — Pipelined Lstenry——> [l A AL

Cursoi-Bassing = 16.8ns 4ns lans [12ns lans |20ns 24ns |28ns |32ns

Cursoi-Baseline = 18.6n T, . T TR TR s TR L %<

@ reset @
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7 fa 'd 15 [ y7 |1§ e ¥as
o 51 ‘d 18 [ I : ﬂ l25 ): a LEE] t 74 [z ):45.
= DE: 'd 25 o 7 I i1s |2s I. LB !‘ EEH EET0 0 S0 &1 'laz
+ 53 'd g8 [ ‘E ;{ ,‘( i-sa :‘ 1 y1LL lli)('l—:( 17 |".'z
£ o4 'd gl [ 17 'L:_,‘: V2= Yse daa faim Viso Y142 IW'H
ol g5 'd 111 [ N7 s Nz Y Y1 ‘l::l-:ll ¥1s0 Y1s2 X1sa Yias Jain Yas ¥
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& 4 moufrg] 4 e e Fig 0¥ diruliatio Reesifof Kiithaltsed netlid3King unit delayliitdddfiss
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The proposed architecture for median filter has been
coded using verilog HDL and synthesized using design
compiler from Synopsys with commercially available
0.18um CMOS technology and finally the synthesized
net-list has been verified using random test vectors. The
snapshot of the simulated output of synthesized netlist
using unit delay models has been shown as in Fig9.
Readers can observe that the median output is the middle
value (S4=111) in sorted array as in example given in
Section-Il. ~ The resultant latency of the proposed
architecture has been also marked in Fig.9. The synthesized
result after allowing 20% extra area for physical
implementation and positive slacks to avoid any timing
violation shows that the proposed VLSI architecture gives
core area and power of 1.2mm’ and 92.5mW respectively at
clock frequency of 700MHz. This results are compared
with the results in [12] as shown in Table-IIL

V. CONCLUSION

The present paper describes a novel VLSI architecture to
implement a one dimensional real time median
filter. The proposed architecture is described at each
level of hardware design to optimize for critical delay.
Parallel and pipelined technique has been used to
enhance the throughput. The technology independent
HDL codes can be used for either ASIC implementation or
advanced FPGA implementation. Although this
architecture is proposed for one dimensional signals to
suppress impulse noise, this can be used with some extra
circuitry for median filtering in images. This architecture is
very regular and can be extended and modified for different
window size as well as different sampled word size so as to
adopt it for specific application of real time signal and
image processing.
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