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Abstract— A direct digital frequency synthesizer (DDFS)
based on a non-equal division parabolic polynomial interpolation
method is proposed in this paper. To attain high spurious free
dynamic range (SDRF) and reduce area cost, a parabolic
polynomial interpolation method is adopted in the proposed
design to replace conventional ROM-based phase-to-sine
mapper methods. Particularly, the left 1/4 of the phase range
is approximated using a low-curvature parabolic curve. The
proposed design is manufactured using a standard 0.18 µm
CMOS technology. The maximum output frequency is 50 MHz,
the core area is 1.4528 mm2, and the spurious free dynamic
range (SFDR) is 68.67 dBc. The proposed DDFS outperforms
prior works’ SFDR and energy efficiency.

Keywords—Direct digital frequency synthesizer (DDFS),
parabolic polynomial interpolation, spurious free dynamic range
(SFDR).

I. INTRODUCTION

Frequency synthesizer is a well-known technique to gen-
erate signals with a selective frequency, which is an im-
portant component for many communication systems, e.g.,
digital radios, mobile telephones, GPSs (Global Positioning
Systems), etc. Traditionally, a signal with a selective frequency
is mostly generated by phase-locked loop (PLL) [1]- [2]
circuits. However, two major drawbacks of the the PLL-
based frequency generators are slow frequency switching
speed and poor spectral purity [3]. The deficiencies of the
PLL-based frequency generators are then inadequately used
in the modern wireless communication systems to meet fast
frequency switching demand. By contrast, the direct digital
frequency synthesizer (DDFS) has been considered as a better
alternative than the PLL-based frequency generators, because
it is proved to provide fast frequency switching and excellent
spectral purity.

The DDFS technique was first proposed in 1971’s [4],
which utilized digital data processing technique to generate
a tunable frequency signal driven by a precise clock signal.
Fig. 1 shows the architecture of the conventional DDFS. The
phase accumulator is used to generate the digital phase as well
as the frequency. The samples of sine wave amplitude are
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stored in the ROM-based look-up table, which are possibly
derived from MATLAB simulation results. The samples are
converted into digital sine wave signals by the amplitude
complementor. Finally, the digital-to-analog converter (DAC)
converts the digital sine wave signals into an analog sine
wave signal. Unfortunately, the conventional DDFS has a
major intrinsic difficulty: it demands very large ROM as the
storage of the sine wave amplitude samples. Therefore, the
conventional DDFS will suffer from three inherent drawbacks
of the ROM, which are large power consumption, large chip
area, and slow operating speed. Although the ROM size can be
significantly reduced by truncating the output bit-wide of the
phase accumulator, the unwanted spurious noise caused by the
truncation will then degrade the spectral purity performance
of the generated sine wave.
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Fig. 1. Conventional DDFS structure

Lately, ROM-less DDFS [5]- [9] researches have been pro-
posed to attain hardware reduction advantage, which utilized
different high-order (probably more than three order) polyno-
mial algorithms instead of the ROM-based look-up tables to
realize the phase-to-sine mappers. Due to the intrinsic massive
computation complexity, any algorithm based on high-order
polynomials will be hard to meet the high speed requirement
of modern wireless communication applications. Moreover,
according to the reports of prior works [12], any polynomial
whose order is larger than three may be inefficient to improve
the spurious free dynamic range (SFDR) of the sine wave. This
paper proposes a novel DDFS based on a 2nd-order non-equal



division parabolic polynomial interpolation method to resolve
all of the mentioned difficulties. Compared with several prior
works, the proposed DDFS shows a satisfactory speed and an
exceptional spectral purity.

II. THE PROPOSED DDFS ARCHITECTURE

A. Parabolic Polynomial Interpolation

To implement the phase-to-sine mapper, the parabolic poly-
nomial could be the most convenient choice to provide su-
perior SFDR. A quadrant of sinusoid is partitioned into M
segments, where every segment is approximated by the 2nd-
order parabolic polynomial, as shown in Eqn. (1).

y(x) = aix
2 + ci, i = 1 ∼ M. (1)

where the parameters, ai and ci, can be derived by the least
square method. However, large M will result in divergence
when performing the least square method, though the SFDR
of this DDFS will be enhanced as the increase of M . The
parabolic polynomial method has difficulty in fitting the cur-
vature of the sinusoid. The curvature at x, k(x), of a given
curve y = f(x) can be given by

k(x) =
y′′

(1 + y′2)3/2
(2)

where the 1st-order derivative, y′, is equal to 2aix and the 2nd-
derivative, y′′, is equal to 2ai. Obviously, y′ is proportional to
y′′. Thus, the fitting procedure is difficult to determine both
the slope and the curvature of the curve if only one parameter
ai is allowed.

To resolve the problem of Eqn. (2), this paper adopts another
parabolic polynomial method. We propose to add a coefficient,
xi, in Eqn. (2). Then, Eqn. (2) is rewritten as Eqn. (3) to
enhance the adjustability of the parabolic polynomial.

y(x) = ai(x+ xi)
2 + ci, i = 1 ∼ M (3)

Therefore, the new 1st-order derivative formula is given by
y′ = 2ai(x+xi). Regarding the computation complexity, Eqn.
(3) needs only one more addition compared with Eqn. (1).

The coefficient, xi, is derived by the variation between an
ideal sine wave and the generated sine wave, which is used to
adjust the characteristics of the curve in each segment to carry
out the phase-to-sine mapping function. Notably, xi, is given
an initial value, “0”, at the start state. Then, ai and ci are,
respectively, derived by the least square method. Therefore,
Eqn. (3) can be re-formulated into a matrix expression as
follows.
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The transpose of the first matrix at the righthand side of Eqn.
(4) is used to be multiplied at both sides of Eqn. (4) to attain
the following equation.
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Eqn. (5) is then reorganized as follows.
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Thus, the coefficients, ai and ci, can be derived based on Eqn.
(6). Furthermore, the approximation value of the sine wave
amplitude can be easily deduced according to Eqn. (4) and
Eqn. (6), which is expressed as Eqn. (7).
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Therefore, the least square error, xi, is found according to Eqn.
(7). Finally, we then back-substitute xi into Eqn. (6) such that
ai and ci can be derived, respectively.

In this study, a quadrant of sinusoid is divided into 16
segments (M = 16). To attain a better spectral purity, we
analyze two different segment division methods to choose a
better one so as to decide the range of each segment. As shown
in Fig. 2(a), each segment is equally distributed over the entire
phase range, which is called equal-segment division method.
By contrast, Fig. 2(b) shows the proposed non-equal division
method.

Fig. 3 depicts the absolute errors of equal-segment division
method and non-equal division method, which are, respec-
tively, derived by the difference between an ideal sine wave
and the generated sine waves. Notably, the left 1/4 quadrant of
the sinusoid (sin θ, 0 ≤ θ < π/8 ) is approximate by a low-
curvature parabolic curve. By contrast, the right 3/4 quadrant
of the sinusoid (sin θ, π/8 ≤ θ < π/2 ) is approximated
using a high-curvature parabolic curve with intensive samples
to reduce the error. In short, the 1st segment, S1, contains 1/4
quadrant of the sinusoid at left side, while the remaining 3/4
quadrant of the sinusoid is equally divided into the other 15
segments. Therefore, the proposed non-equal division method
will synthesize a better sine wave without paying too much
hardware overhead.

Fig. 4 shows the schematic of the proposed DDFS, which
utilizes a 32-bit frequency control word (FCW) to attain a wide
frequency tuning range. The output of the squarer through
the selectors is shifted by the shift registers, ai−j , where the
symbol ai−j represents the j-th bit of the sequence for the i-th
segment. Then, the outputs of the shift registers are selected
by multiplexers (MUXs), respectively. The summation of the
total 16 multiplexer’s outputs is realized by an adder.

III. IMPLEMENTATION AND SIMULATION

The proposed DDFS is realized on silicon using TSMC
(Taiwan Semiconductor Manufacturing Company) standard
0.35 μm CMOS technology. All of the PVT corner simulations
([0oC, +25oC, +75oC, +100oC], (VDD, (1±10%)VDD ), and
SS, FS, TT, SF, FF models), have been carried out to justify
its robustness. Fig. 5 illustrates the chip layout including I/O
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Fig. 4. Schematic of the proposed DDFS

PADs of the proposed DDFS design. The comparison between
the proposed DDFS and prior DDFS designs is tabulated in
Table I. The proposed DDFS attains the largest SFDR (68.67
dBc) and the best energy efficiency. The power consumption
is 15 mW at a 50 MHz clock.

Fig. 5. Layout view of the proposed DDFS

IV. CONCLUSION

This paper proposes a ROM-less DDFS using a 16-segment
non-equal division parabolic polynomial to realize the phase-
to-sine mapping function. The proposed DDFS demonstrates
a significant improvement in SFDR compared to prior works.
Besides, the proposed DDFS is carried out as a multiplier-less
design. The proposed DDFS attains a SFDR of 68.67 dBc, a
0.31 mW/MHz energy efficiency and the maximum clock rate
is 50 MHz.
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Year 2005 2008 2009 2011

*The DDFS design was implemented by FPGA.
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