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Abstract. In this work, a new direct digital frequency synthesizer (DDFS) is proposed, which is based on a
new two-level table-lookup (TLTL) scheme combined with Taylor’s expansion. This method only needs a
lookup-table size of total n x 2"/4*! 4 (n/4 —2) x 2"/* bits, one (n + 1) x 3n/4-bit multiplier, one nx3n/4-
bit multiplier and two additional smaller multipliers, to generate both sine and cosine values (where 7 is the
output precision). Compared with several notable DDFS’s, the new design has a smaller lookup-table size and
higher SFDR (Spurious Free Dynamic Range) for high-precision output cases, at comparable multiplier and
adder complexities. The DDFS is verified by FPGA and EDA tools using Synopsys Design Analyzer and UMC
0.25 pum cell library, assuming 16-bit output precision. The designed 16-bit DDFS has a small gate count of

2,797, and a high SFDR of 110 dBc.

Keywords: direct digital frequency synthesizer, DDFS algorithm, two-level table lookup scheme

1. Introduction

The direct digital frequency synthesizer (DDFS) [1]
offers fast switching speed, high resolution, excellent
phase noise, transient-free frequency changes, small
size, and the reliability of digital designs, compared
with analog frequency synthesizers. Since a DDFS
can be flexibly programmed over a wide range of
frequency band, it plays a crucial role in numerous
digital and wireless communication applications [2],
[3], such as wireless local area network (WLAN), 3G
communication, software radio, and so on. There-
fore, it is highly desirable to design a DDFS with
high speed, low complexity, wide frequency range
and high accuracy.

A conventional DDFS structure can be separated
into three parts, including phase accumulator, sine/

cosine generator, and DAC (digital-analog-convert-
er). The phase accumulator performs digital phase
accumulation and provides phase inputs to the sine/
cosine generator block for digital sine/cosine wave
generation with a particular frequency. Finally, the
DAC converts the digital waveforms to analog
waveforms.

DDFS’s can be categorized as recursive [4, 5], and
non-recursive types [6-20]. The recursive DDFS’s
are notorious for their error-propagation problem,
due to their error feedback nature, although the
algorithm [4] has the advantage of only needing two
multiplication and two addition operations to gener-
ate one sine and one cosine values. Also, they are
hard to pipeline, because only when the current
function value is obtained, can the next function
value be calculated. A solution to reduce error-
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propagation is presented in [5]. However, it needs
four multiplication and four addition operations per
output data sample. Besides, its output SFDR
performance is poorer than those existing designs
with the same internal data path word length. In
addition, the recursive DDFS’s [4, 5] are only
suitable for the application of fixed frequency control
word 6 and zero initial angle value. To make 6
flexible and adjustable, they need a very large table
to store a wide range of cos@ value.

This paper will focus on the design of non-recursive
DDEFS’s. In contrast to the recursive-type DDFS’s, the
non-recursive DDFS’s do not have the error-propaga-
tion problem. Some key non-recursive DDFS’s are
discussed as follows. The direct table-lookup DDFS
needs a large table size of 2"/8 words to store all the
sine/cosine values. Therefore, they are only feasible for
short word lengths with low SFDR’s. For the
consideration of smaller table sizes, the bipartite table-
lookup method [6] can be applied to DDFS designs.
Nevertheless, the reduction is not significant enough.
By simplifying the trigonometric equations, the DDFS
design [7] reduces ROM size to only about 1/236 of
conventional ROM-based designs, for the 12-bit output
case. The optimized linear interpolation method in [9]
only needs two multiplication and addition operations to
generate both sine and cosine functions. Nonetheless, it
needs a large lookup table of about 2> words to store
the segment slope coefficients and initial segment
amplitudes for the optimized segmented linear interpo-
lation equations. In addition, the design realizes the
required ROM table and multipliers altogether with
somewhat complicated multiplexers and adders.

The CORDIC (COordinate Rotation Digital Com-
putation) algorithm is considered to be effective in
realizing a DDFS [10, 11]. Generally, the CORDIC-
based DDFS’s have the disadvantages of slow
sequential operations and overhead of the scale
factor compensation. The CORDIC DDFS in [11]
is considered a very efficient design, which combines
CORDIC algorithm with a table-lookup scheme. It
has the advantages of pipelined operation, fast
decision of rotation directions, and is free of scale
factor compensation operations normally required by
CORDIC algorithms. Still, it needs a ROM table of
size 2" to store some predetermined function val-
ues. Despite its efficiency, the pipelined CORDIC-
based DDFS has the problem of slow switching speed,
due to inherent pipelined latency. Therefore, in the

latter performance comparison, we exclude the COR-
DIC-based DDFS’s. Recently, we proposed a DDFS
design [20], which has a similar pipelined structure
and speed performance to that of [11]. However, the
DDFS [20] has a smaller ROM table size of 2"/ than
23 of [11].

The polynomial-based DDFS’s [13] does not need
any coefficient table but has high hardware complex-
ities. In [14], by using a CSD (Canonical Signed
Digit) hyper-folding technique, the polynomial-based
DDFS achieves a low-complexity design result. Still,
its SFDR performance is poor, because the hyper-
folding technique sacrifices the output precision. The
DDEFES’s [15-19] combine polynomial approximation
with table-lookup operations. They involve multipli-
cation operations, in addition to considerable table
sizes. Among those designs, DDFS of [18] has a
smaller table size and computational complexity.
However, for high output SFDR’s, it has the trouble
of large table size and high computational complexity.
The DDFS of [15] has a small table size, but low
SFDR and long switching delay.

Here, based on our recent preliminary design [12],
we would like to propose a new non-recursive
polynomial-based DDFS. To reduce both table size
and computational complexity of a polynomial-based
DDFS, by combining Taylor’s expansion, trigono-
metric equations and Karatsuba algorithm [21] we
develop a new two-level table-lookup scheme. As a
result, the new DDFS achieve a good performance
with small table size and high SFDR, at a compara-
ble computational complexity to the existing designs.

We will propose the new DDFS algorithm and its
architecture realization in Section 2. Performance
evaluation and comparison results will be detailed in
Section 3. Section 4 discusses its verification and
simulation by EDA tools, followed by the conclusion
in Section 5.

2. New DDFS Algorithm and Architecture
Based on a Two-Level Table Lookup Scheme

The new algorithm starts with a polynomial approx-
imation. The approximation polynomial can be
Taylor’s expansion, or Chebyshev expansion, or a
heuristic one. Here for coefficient simplicity and for
low-complexity consideration, we adhere to Taylor’s
expansion. Normally, computation of the expansion
polynomial requires considerable multiplication



count. To reduce the complexity, one often sub-
divides the expansion region into several subinter-
vals. In turns, each subinterval carries out its own
function approximation by using a lower-degree
polynomial, with fewer multiplications than the case
without subdividing the expansion region. However,
the reduction of multiplication is at the cost of extra
table size to store the polynomial coefficients and the
function value of the expansion point for each
subinterval. To reduce table sizes, we will derive a
two-level table-lookup algorithm as follows.

Let  =«a+ (3, where o and ( are the most
significant and the remaining less significant parts,
respectively, then cosf = cos (o + () and sinf =
sin (& 4+ (3) can be put in matrix form as:

[cos(am)}:{cosa —Si“a][cosﬁ] 2-1)

sin (o + 3) sina  cos « sin (3

This equation suggests that we need four multi-
plications to solve the results once we know cos «
and sina from table-lookup. However, it is well
known [21] that the number of multiplications can be
reduced to three as defined below:

p1 = cosacos 3 (2 — 2a)

p2 = sinasin 3 (2 —2b)

p3 = (cosa + sina)(cos 5 + sin 3) (2 —2c)
Then Eq. (2-1) can be reduced to:

cosf =cos(a+ ) =p1 —p2 (2 —3a)

sinf =sin(a+ 3) =p3s —p1 —p2 (2 —3b)

Here cosa and sina are obtained from table-
lookup, together with some simple calculation. For
example, without loss of generality, let 6 be re-
presented by n fractional bits and 7/4>6>0. If « is
the n/4 MSBs of 6, then [ is the remaining 3n/4 bits.
Furthermore, let’s expand cos 3 and sin (3 at y, which
is the n/4 MSBs of (3, then cos 3 and sin 3 can be
written as:

-5 [

7) (cos y)( )] (2 —4a)
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ini =3 (5)0-

where (cos 7)) and (sin 7)) are the ith derivatives of
cosy and siny, respectively. Eqgs. (2-4a) and (2-4b)
can be rewritten as:

(sm 7/)< )] (2 —4b)

cos 3 =cosy — (2 —5a)

(2 —5b)

(B—v)siny + &
sin3 =siny + (8 —y)cosy + &g

The error terms £.3 and £,5 are defined below and
can be shown confined to the following ranges.

=27 <y = i Kl>(ﬁ 7 (cosy)()] <0

i=2

o= 5[ (3) o rromn] <o

Similarly, cos y and siny can be expanded as:

_o—(n/at1)

(2 — 6a)
wr S AL (-2 v
(2 — 6b)

The error terms &, and &, can be shown confined to

the following ranges.
0se, =Y (0G5 )] <2
=% (e
j ﬂ < 27(5”/4+6)
(2j+1)!

By combining Egs. (2-6a) and (2-6b), one can
rewrite Egs. (2-5a) and (2-5b) as:

cos 3 = <1ﬂy+%2>

+o-n(Z-

!

j=2

ssy> + &y + 8(-5:|

(2 —"7a)
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2

+ {(/6 - 7) (gcy - 7/2) + &y + Ssd}

Therefore, from Egs. (2-7a) and (2-7b), if n-bit
output precision (for the fractional part) is desired,
cos3 and sin/3 can be approximated as:

2
cosﬁzl—ﬁy—i—%:l—(ﬂ—%)y (2 —8a)

3

singmg_% (2 — 8b)

Equation (2-8a) needs one small 3n/4-bit by n/4-
bit multiplication for (5—y/2)y. In Eq. (2-8b), 7’16
values can be stored in a (n/4—2)x2"*-bit lookup
table, addressed by n/4 bits. Note that, y°/6 is very
close to zero, which makes up a very small ROM
table, because (3n/4+2) MSBs of yj/6 are all zero.

As a result, in realizing py, p,, and p; with n-bit
fractional precision, Eqgs. (2-2a), (2-2b), and (2-2c)
can be reduced to Egs. (2-9a), (2-9b) and (2-9c),
respectively, by combining Egs. (2-8a) and (2-8b).

(2 -170b)
where
},3
‘(ﬁ - J/) <€ - gsy) + Ecy + Ecp < 27<"+1)
and
72
‘(6 - 7) (8(‘}/ - ?) + &y +Ep
< 27(/‘14’1) + 27(5n/4+l)
n+1 L Phase

Few =—#1 Accumulator [*n+3

/4 angle
mapper

) (&)

(O<Few<r/2)
o=0[(n-1):n/4]

n y=0[(n4-1):n/2)

{

B=0[(n/4)-1:0]

CO%MRQM SIN ROM 7’16 ROM
X2 bits nx2"bits (a/4-2)x2""bits
7316

n 4 n 4
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Figure 1. Architecture of the new DDFS.



Direct Digital Frequency Synthesis 157

Table 1. Complexity and speed comparisons of DDFS designs.
DDFS ROM size (in bit) No. of multipliers Delay time (16 bits) Critical path
Proposed nox ML (1) s on/ 1 (n+1) x3n/4 6.7 ns 2t +2t 4"
1 nxn/2
1 nx3n/4
1 n/4x3n/4
(1] n x 2/ 0 2.4 ns 2tad
2] 3nx2"? 2 nf2xnf2 3.8 ns turtagd
[71° ~ 5nx2"? 71 2 nf2xn/2 4.5 ns fmal+2ladd
[13] 0 6(n+1)x(n+1) 10.1 ns 3tmut2tada
[18] (n+1) x 2131 4(n+1)x (n+1) 7.4 ns 2t mart2tada

t,qa Tepresents one adder delay, and #,,, represents one multiplier delay.

®The ROM size is slightly smaller than 5nx2">!,

pr~cosa—cosax (B—y/2)y  (2-9a)
pr~sina x (B—7°/6) (2 — 9b)

p3 ~ (cos v+ sina) + (cos o + sin @)
X [sin3— (8 —v/2)7] (2—9¢)

In implementation, the multiplier complexities for
these three multiplications are as explained below.

(@) cosa x (3—1y/2)y: Since 27"* > >y >0,
then 27/ > (3 —y/2)y > 0 and n/2 bits are
enough to represent (G—y /2)y, if n-bit fractional
results are desired. Therefore, the multiplier size
is nxn/2.

sin o X (67 7/3/6) : Since 2774 > >y >0,
then 27/* > (ﬂ — y3/6) >0 and 3n/4 bits are
enough to represent (ﬁ—y3/6). Hence, the
multiplier size is nx3n/4.

(b)

(¢) (cosa+sina) x [sin3— (3 —y/2)y]: Based on
Eq. (2-8b), [sin8 — (8 —y/2)y] is bounded by:

27* > sin 3 > {sinﬁ— (ﬁ—%)y}
Q

Therefore, 3n/4 bits are enough to represent
[sin 3 — (8 — ¥/2)y] . On the other hand, there needs
n+1 bits to represent (cosa+sina), because both
operands are n-bit long. As a result, the multiplier
size is (n+ 1) x 3n/4.

For better understanding of the new two-level
table-lookup DDEFS algorithm, Fig. 1 shows its data
path realization. In the figure, Fcw represents the
input frequency control word. Note that the final
outputs are (n+1) bits in length, including one sign
bit and n fractional bits.

J/2

2

—Z)zo (2 - 10)

~B(1—y)+ 3

Table 2.  Area and speed performance comparison of DDFS designs vs. four different minimum target SFDR’s.
80 dBc 100 dBc 120 dBc 160 dBc 200 dBc

Total Max. Total Max. Total Max. Total Max. Total Max.

gates delay gates delay gates delay gates delay gates delay
Proposed 1,570 3.5ns 2,153 4.6 ns 4,150 5.0 ns 8,314 5.4 ns 23,989 6.0 ns
[1] 1,460 1.8 ns 4,321 2.2 ns 13,510 24 ns 96,778 2.7 ns 872,864 3.2 ns
[2] 1,430 2.1 ns 2,082 2.8 ns 10,371 2.9 ns 26,297 3.5 ns 77,042 4.0 ns
[7] 1,235 2.1 ns 1,856 32 ns 4416 3.7 ns 16,158 39 ns 70,171 4.1 ns
[13] 1,853 6.8 ns 2,595 8.2 ns 8,320 8.4 ns 14250 89 ns 31911  95mns
[18] 1,864 5.6 ns 3,561 6.5 ns 7,798 69 ns 21,660 7.4 ns 71,996 7.9 ns
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Table 3.  Synthesized gate count results of the new DDEFS.

Combinational ~ Non-combinational
Block name circuit circuit Sum
Phase 530 210 740
accumulator
sin/cos 1,321 0 1,321
generator
Control logic 442 168 610
Rom table 126 0 126
Total 2,419 378 2,797

3. Performance Evaluations and Comparisons

We synthesized those designs by using Synopsys
Design Analyzer. Although CORDIC-based DDFS
designs are efficient, they are not compared here due
to their slow switching speed. The hardware and
speed performance comparisons of the proposed
DDEFS design and some key table lookup-based and
polynomial-based DDFS’s are listed in Table 1. The
delay figures are obtained assuming 16-bit outputs.
In the aspect of hardware cost, as listed in Table 1,
the proposed design has fewer multipliers and a

111
110
109
108
107 |

106

SFDR

105

104

103

102

smaller table size than [18]. Correspondingly, the
critical path of the proposed design is shorter than that
of [18]. Regarding table size, the proposed design
requires the smallest table size of all, except the
design of [13]. However, the latter design needs six
multipliers. Regarding multiplier complexity, al-
though the design of [1] does not need any multiplier,
it needs a larger table size than the proposed design.
Therefore, they are only suitable for applications with
low SFDR’s and output precisions. Similarly, the
design of [7] has a larger table size than that of the
proposed design, though it only costs two multipliers.

Table 2 shows the total required synthesized
circuit areas (excluding phase accumulator and angle
mapper) and speed performances of the compared
designs to achieve the same minimum SFDR’s.

As shown, in most cases (especially for high
SFDR cases), the proposed design has the smallest
areas (i.e., those quantities in bold faces) of all, with
moderate delays. In the low SFDR case of 80 dBc,
the proposed design’s area is only a bit larger than
the designs of [1, 2, 7]. From the simulation results
in Table 2, we can roughly locate a SFDR limit
around 110 dBc. Beyond that limit, the proposed

— = — sine function
—e—— cosine function

101 | I | I | | | I

3 4

10 10

10° 10° 10’

Frequency

Figure 2. SFDR performance of the proposed DDFS vs. synthesized frequency, n=16.



design required a lower complexity than all the
compared designs. Note that in the above compar-
isons, we do not discuss the power consumption
performance, because it is hard to do a precise and
fair power consumption comparison for those
designs, from their architectures and those subjective
designer-dependent synthesized results.

4. Hardware Verification

Function correctness of the new DDFS has been
verified by FPGA with Altera Quartus II system. In
addition, Table 3 lists the synthesized gate count
results by using Design Analyzer, assuming 16-bit
output resolution. The synthesized design has a low
delay and gate count of 6.7 ns and 2,797, respec-
tively, with a power consumption of 18 mW. To
verify SFDR performance, we test the proposed
design with many output frequencies ranging from
1 kHz to 10 MHz, as shown in Fig. 2, assuming a
system clock is 100 MHz clock and 16-bit output
resolution. As shown, the synthesized waveforms
achieve at least 100 dBc and maximum 110 dBc.

5. Conclusion

In the work, we proposed a two-level table-lookup
direct digital frequency synthesizer (DDFS), then
realized and verified it by MATLAB simulation,
HDL simulation/synthesis, and FPGA implementa-
tion. It has 6.7 ns delay and a small gate count of only
2,797 to achieve a high averaged SFDR of 110 dBc,
with a power consumption of 18 mW. Since its main
advantages are small ROM size and high SFDR, it is
particularly suitable for the applications that need
high SFDR and output resolution.

Acknowledgment

This work is supported in part by the grants NSC 94-
2220-E-009-034 and MOEA 94-EC-17-A-01-S1-
048, Taiwan.

References

1. D. A. Sunderland, R. A. Strauch, S. S. Wharfield, H. T.
Peterson and C. R. Cole, “CMOS/SOS Frequency Synthesizer
LSI Circuit for Spread Spectrum Communications,” IEEE J.
Solid-State Circuits, vol. 19, 1984, pp. 497-505, Aug.

13.

14.

16.

Direct Digital Frequency Synthesis 159

. A. Bellaouar, M. S. O’brecht, A. M. Fahim and M. I. Elmasry,
“Low-Power Direct Digital Frequency Synthesis for Wireless
Communications,” IEEE J. Solid-State Circuits, vol. 35, 2000,
pp. 385-390.

. S. Mortezapour and E. K. F. Lee, “Design of Low-Power
ROM-Less Direct Digital Frequency Synthesizer Using
Nonlinear Digital-to-Analog Converter,” IEEE J. Solid-State
Circuits, vol. 34, 1999, pp. 1350-1359.

. L. Lo Presti and G. Cardamone, “A Direct Digital Frequency
Synthesizer Using an IIR Filter Implemented with a DSP
Microprocessor,” Proceedings of IEEE International Confer-
ence on Acoustics, Speech, and Signal Processing, vol. 3,
1994, pp. 201-204.

. M. M. Al-Ibrahim, “A Simple Recursive Digital Sinusoidal
Oscillator with Uniform Frequency Spacing,” Proceedings of
IEEE International Symposium on Circuits Systems, vol. 2,
2001, pp. 689-692.

. D. Das Sarma and D. W. Matula, “Faithful Bipartitt ROM
Reciprocal Tables,” Proceedings of 12th Symposium on
Computer Arithmetic, 1995, pp. 17-29.

. F. Curticapean and J. Niittylahti, “A Hardware Efficient Direct
Digital Frequency Synthesizer,” Proceedings of IEEE Interna-
tional Conference on Electronics, Circuits and Systems, vol. 1,
2001, pp. 51-54.

. F. Curticapean and J. Niittylahti, “Low-Power Direct Digital
Frequency Synthesizer,” Proceedings of IEEE International
Symposium on Circuits Systems, 2000, pp. 822-825.

. J. M. P. Langlois and D. Al-Khalili, “Novel Approach to the
Design of Direct Digital Frequency Synthesizers Based on
Linear Interpolation,” IEEE Transactions on Circuits System
I1: Analog and Digital Signal Processing, vol. 50, no. 9, 2003,
pp. 567-578.

. Y. K. Chang and E. E. Swartzlander, “An Analysis of the
CORDIC Algorithm for Direct Digital Frequency Synthesis,”
Proceedings of Application-Specific Systems, Architectures
and Processor, 2002, pp. 111-119.

. A. Madisetti, A. Y. Kwentus and A. N. Wilson, “A 100-MHz,
16-b, Direct Digital Frequency Synthesizer with a 100-dBc
Spurious-Free Dynamic Range,” IEEE J. Solid-State Circuits,
vol. 34, no. 8, 1999, pp. 1034-1043.

. J. C. Chih, J. Y. Chou and S. G. Chen, “An Efficient Direct

Digital Frequency Synthesizer Based on Two-level Table-

Lookup,” Proceedings of Frequency Control System and PDA

Exhibition, 2001, pp. 824-827.

C. C. Wang, H. C. She and H. Ron, “A ROM-Less Direct Digital

Frequency Synthesizer by Using Trigonometric Quadruple Angle

Formula,” Proceedings of IEEE International Conference on

Electronics, Circuits, and Systems, vol. 1, 2002, pp. 65-68.

D. De Caro, E. Napoli and A. G. M. Strollo, “Direct Digital

Frequency Synthesizers with Polynomial Hyperfolding Tech-

nique,” IEEE Trans. Circuits Syst., vol. 51, 2004, pp. 337-344.

. A. M. Sodagar and G. Roientan, “A Novel Architecture for

ROM-less Sine-Output Direct Digital, Frequency Synthesizers

by Using the 2-Order Parabolic Approximation,” Proceed-

ings of Frequency Control System and PDA Exhibition, 2000,

pp. 284-289.

K. I. Palomaki and J. Niittylahti, “Direct Digital Frequency

Synthesizer Architecture Based on Chebyshev Approx-

imation,” Proceedings of Signals, Systems and Computers,

vol. 2, 2000, pp. 1639-1643.



160 Chen et al.

17. L. Fanucci, R. Roncella and R. Saletti, “A Sine Wave Digital
Synthesizer Based on A Quadratic Approximation,” Proceed-
ings of Frequency Control System and PDA Exhibition, 2001,
pp. 806-810.

18. A. M. Sodagar and G. R. Lahiji, “Mapping From Phase to
Sine-Amplitude in Direct Digital Frequency Synthesizers
Using Parabolic Approximation,” IEEE Trans. Circuits Syst.,
vol. 47, 2000, pp. 1452-1457, Dec.

19. S. Yonachul and K. Beomsup, “A 16b Quadrature Direct
Digital Frequency Synthesizer Using Interpolative Angle
Rotation Algorithm,” VLSI Circuits Digest of Technical
Papers, 2002, pp. 146-147.

20. M.-S. Lin, C.-S. Yang, C.-Y. Chu and S.-G. Chen, “An
Efficient Pipeline Direct Digital Frequency Synthesizer Based
on a Novel Interpolation Algorithm,” Proceedings of the 2001
European Conference on Circuit Theory and Design, 2001,
pp- 273-276.

21. A. A. Karatsuba and Y. P. Ofman, “Multiplication of Multi-
digit Numbers on Automata,” Sov. Phys. Dokl., vol. 7, 1963,
pp. 595-596.

Sau-Gee Chen received the BS
degree from National Tsing
Hua University, Taiwan, in
1978, the MS degree and PhD
degree in electrical engineer-
ing, from the State University
_ } of New York at Buffalo, NY,
\ in 1984 and 1988 respectively.

He currently is a Professor and
the Director of Institute of Electronics, Depart-
ment of Electronics Engineering, National Chiao
Tung University, Taiwan. His research interests

include digital communication, multi-media com-
puting, digital signal processing, and VLSI circuit
design.

Jen-Chuan Chih was born in
Taipei, R.O.C. He received the
BS and MS degrees all in
electronics engineering from
the Department of Electronics
Engineering and Institute of
Electronics, National Chiao
Tung University, Taiwan, in
1998 and 1999 respectively. Currently, he is
pursuing the PhD degree. His research interests
are in fast DSP algorithms and VLSI implemen-
tation.

Chun-Yi Chou received the
BS degree in Electrical Engi-
neering from the National
Yunlin University of Science
and Technology, Taiwan, and
MS degree in Degree Program
of Electrical Engineering and
Computer Science, National
Chiao Tung University, Taiwan, in 1996 and
2002 respectively. Currently, he is an Engineer at
Novatek Microelectronics Corp., Hsinchu, Tai-
wan, R.O.C., working in the field of Mobile
Phone TFT LCD Driver IC design. His research
interests are mix-mode architecture design and
VLSI implementation.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


