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Abstract: A compact direct digital frequency synthesizer (DDFS) for system-on-chip implementation of the high precision

rubidium atomic frequency standard is developed. For small chip size and low power consumption, the phase to sine map-

ping data is compressed using sine symmetry technique, sine-phase difference technique. quad line approximation tech-

nique,and quantization and error read only memory (QE-ROM) technique. The ROM size is reduced by 98% using these

techniques. A compact DDFS chip with 32bit phase storage depth and a 10bit on-chip digital to analog converter has been

successfully implemented using a standard 0. 35pm CMOS process. The core area of the DDFS is 1. 6mm®. It consumes

167mW at 3. 3V,and its spurious free dynamic range is 61dB.
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1 Introduction

The use of the system-on-chip (SoC) technique
allows for an unprecedented degree of miniaturization
of rubidium atomic frequency standards. A compact
direct digital frequency synthesizer (DDFS) plays an
important role in our miniaturized rubidium atomic
frequency standards for modulated 5. 3125MHz sine
wave generation. DDFSs are able to generate single-
phase or quadrature sinusoids with excellent frequen-
cy resolution, good spectral purity,very fast frequency
switching.and phase continuity on switching"''. Gen-
erally, a DDFS consists of a phase accumulator, a
phase to sine converter (sine ROM),and a DAC. At
each clock pulse, the phase increment word in a fre-
quency register is added to the phase value previously
held in the phase accumulator. The phase value is gen-
erated using the modulo 2/ overflowing property of a
jbit phase accumulator®’ . The output frequency is the
rate of the overflows,

fu = BBy < (D
where Ap is the phase increment word, j is the num-
ber of phase accumulator bits, f is the system clock
frequency,and f,, is the output frequency. The previ-
ous constraint is required by the sampling theorem.
The spectral purity of the conventional DDFS is part-
ly determined by the resolution of the values stored in
the ROM. It is desirable to increase the resolution of
the ROM. but sometimes higher resolution means lar-
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ger ROM size. However, the access speed and the
maximum output frequency decrease as the ROM size
increases. Larger ROM storage also means higher
power consumption, lower reliability, and greatly in-
creased costs. So it is significant to reduce the size of
the ROM under the condition of meeting the high res-
olution requirement of the rubidium atomic frequency
standard. The most elementary technique of compres-
sion is to store only n/2 rad of sine information, and
to generate the ROM samples for the full range of 2x
by exploiting the quarter-wave symmetry of the sine
function'®’ . The quarter wave memory can be further
compressed by using modified Sunderland technique,
sine-phase difference technique, Quad line approxi-
mation (QLA) technique,and quantization and error
ROM (QE-ROM) technique. The phase of a quarter
of a sine wave can be decomposed as ¢ = a + 3+ 7,
where a,83,and y are,respectively, the most significant
bits (MSBs) ,the middle bits,and the least significant
bits (LSBs). The whole compression process in this
paper is depicted in Fig. 1.

A 10bit on-chip current steering DAC is also im-
plemented to convert the digital amplitude word to an
equivalent analog amplitude.

2 Phase accumulator
A 32bit phase accumulator is used in this DDFS.
Figure 2 shows the block diagram of the phase accu-

mulator. The phase accumulator is based on a 32bit
ripple carry adder, with a string of full adders that op-
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Fig.1 Compression process diagram

erate on the same clock phase. The outputs of the full
adders have built-in registers, and the sum bits feed
back internally to perform accumulation. A multiple-
xer (MUX) is used to select the phase increment word
from the 32bit phase increment words stored in regis-
ters. In order to guarantee the phase continuity, the
select signal should be synthesized with the system
clock signal of the DDFS.

3 Phase to sine converter

3.1 Sine function symmetry technique

The full-period sine wave can be reconstructed
with only n/2 rad of the sine information by exploi-
ting the quarter-wave symmetry of the sine function.
Figure 3 shows the details of this method. Since the
most significant two bits of the phase accumulator re-
present the quadrant of the sine function, the most
significant bit (MSB) is used as the sign bit of the re-
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Fig.2 Phase accumulator block diagram

sult,and the second most important bit (2nd MSB) is
used to control whether the phase should be increas-
ing or decreasing'’’ . The low j — 2 bits of the phase
accumulator output are sent to a complementor con-
trolled by the 2nd MSB to generate addresses for the
quarter-sinec ROM. The slope of the saw tooth is in-
verted for the second quadrant, as shown in Fig. 3.
The waveform at the output of the quarter-sine ROM
is the quantified sine wave. The full-period sine wave
is generated at the output of the second complemen-
tor,which consists of m — 1 exclusive-or gates and an
inverter. Thus,the ROM capacity decreases at the ex-
pense of additional logic.

3.2 Modified Sunderland technique

To reduce the ROM size, this DDFS uses the
modified Sunderland technique based on simple trigo-
nometric identities™ . The phase address of a quarter
of a sine wave can be decomposed as ¢ =a + 3+ 7,
where « is the MSBs,$ is the middle bits,and y is the
LSBs. The quarter-wave sine function is given by

Phase-to- sine converter
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Fig.3 Phase to sine converter block diagram
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where j is the number of the phase accumulator out-
put bits. Equation (2) can be simplified further to
. + B+ ) X . + B X
sm(a ‘82]'7]}’) T sin (a 2118) T
a X X
2] EANON smy2 z
The information from the first term on the right
of Eq. (3) is stored into a coarse ROM. The second
term on the right of Eq. (3) is stored into a fine
ROM. This method works by introducing the 1/2LSBs
offsets into the phase and amplitude of the sine ROM
samples. However, significant savings in ROM size

X

COS

+

co (3)

can be realized due to the small magnitudes of g and y
relative to o. The 10bit phase data of accumulator out-
puts is divided into three parts in this design. Comput-
er simulations determine the optimum partitioning ra-
tio e =4,8=3.,and y=3"".

3.3 Sine-phase difference technique

The sine amplitude of the first term on the right
of Eq. (3) is reduced using the sine phase difference
technique, and two bits of the word length can be
saved by only storing the difference of the sine ampli-
tude and its phase.

e+ X atp

yla+ ) = sin i1 57t (4)
max[ y(a + 8] = 0. 21max|:sin(a—+2j§)1mJ (5

3.4 QLA technique

The QLA waveform is used to approximate the
sine-phase difference, which is calculated using Eq.
(4). The QLA approximation can be expressed with
following four expressions.

glata+p = <L, <“2%1§<— (6)
qla(a+,8)=%+(%§9 <"2—,+1@<—<7>
qla(a+ﬁ)=%+%6*%§, <"2—]+1§<—
(8)

qla(a+ﬂ):%—%§, —<“T+1@<—(9>

The data for 0<< (a+)/2/7'<C1/8 are generated
through shifting down the phase (a« +8)/2'7% by 1bit.
The data for 1/8<C (a+ )/2/7'<C1/4 are generated
through shifting down the phase (a +3)/2"% by 2bit
and by changing the first and second MSBs of the
phase to “10”. The data for 0<<(a+)/2/7'<C1/4 and
the data for 1/4<<(a+p)/2/7'<1/2 are symmetric'”

A complementor is needed to reconstruct the symmet-
ric waveform. Two bits of word length can be saved.
cra+p) = yla+p —qlata+ ) (10)

max[ cr(a + ] 2 0.26max[y(a + ] (1D

3.5 QE-ROM technique

Based on the continuity of the data that need
compressing, the ROM size of the DDFS can be fur-
ther reduced using the QE-ROM technique. In this
design,the second term on the right of Eq. (3) and
cr(a+ ) are both compressed using the QE-ROM
technique. The ROM size can be reduced to 2' X m +
2 X n bits using the QE-ROM technique, where [, m ,
a,and n are,respectively,the length of the address of
the quantization ROM, the length of the data in the
quantization ROM, the length of the address of the
original data,and the length of the data in the error
ROM. There may be several groups of parameter val-
ues that minimize the ROM size. To find these, the
following algorithm is used.

(1) Find the maximum amplitude of the original
data and figure out how many bits it takes to repre-
sent this value. The maximum value of m can be re-
presented by maxm .

(2) Set m = maxm .

(3) Set I = a,which is the address length of the
original data.

(4) Calculate the quantized values.

(5) Calculate the errors between the original da-
ta and the quantization ROM data.

(6) Determine how many bits it takes to repre-
sent these errors.

(7) Calculate the total ROM size (2' X m + 2 X
n.

(8) Decrease [ by 1.1If [<C0,then go to (9) or
else repeat the process from (4) to (7).

(9) Decrease m by 1.1f m<C0,then go to (10) or
else repeat the process from (4) to (7).

(10) Determine the optimum values of the above
parameters that minimize the total ROM size.

cr(at p) is stored into a coarse ROM that is di-
vided into a quantization ROM and an error ROM
using the QE-ROM technique. The above calculations
indicate that the minimum size of the coarse ROM for
a 10bit output DDFS is 480bit (2° X3+ 27 X3 =480).
The second term on the right of Eq. (3) is stored into
a fine ROM, which is also divided into a quantization
ROM and an error ROM using the QE-ROM tech-
nique. The minimum size of the fine ROM for a 10bit
output DDFS is 288bit (2° X 1+ 27 X 2 =288). So the
total ROM size for a 10bit sine output is only 768bit.
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Fig.4 Architecture of the phase to sine converter

3.6 Architecture of the phase to sine converter

Figure 4 shows the block diagram of the phase to
sine converter, which consists of complementors, mul-
tiplexers (MUXs), ROMs, and adders. The comple-
mentors are used to recover the full wave output from
the quarter sine ROM by inverting the phase and am-
plitude appropriately. Four column MUXs and three
adders are also required. Figure 5 shows the interme-
diate results during the approximation process. Figure
6 shows the sum of the data in the coarse ROM and
the fine ROM and the final error. Figure 7 shows the
relative bit positions of the data used for reconstruc-
ting a sine wave. The first row represents the 7bit
phase, the second row represents the 7bit quad line
approximation, the third row represents the 3bit
quantization-ROM data in the coarse ROM, the
fourth row represents the 3bit error-ROM data in the
coarse ROM, the fifth row represents the 1bit quanti-
zation-ROM data in the fine ROM, the sixth row re-
presents the 2bit error-ROM data in the fine ROM,
and the seventh row represents the 9bit output of the
adders in Fig. 7.
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Fig.7 Relative bit positions of data to be added in the adders

The DDEFS requires the smallest ROM compared
with the DDFS using other compression methods in
Table 1. Moreover,the ROM using this technique can
produce a good spur level,as shown in Table 1.

4 Digital to analog converter

In this design,an on-chip 10bit segmented current
steering digital to analog converter (DAC) is imple-
mented. This converter has 6bit thermometer-decoded
most significant bits (MSBs) and 4bit thermometer-
decoded least significant bits (LSBs). It is full ther-
mometer-decoded to guarantee monotonicity and min-
imal glitches. The simplified DAC architecture is
shown in Fig. 8. A clock buffer is included on the chip
to obtain a good timing accuracy for the different

Table 1
techniques in the case of 12bit phase to 10bit amplitude mapping

Summary of memory compression and algorithmic

Total
. Needed . Worst case
Compression method compression
ROM i spur/dBc
ratio
Uncompressed )
212X 10 1:1 —-81.76
memory
Quarter sine wave 210x9 40 19 —-78.76
Double trigonometric 210x 6 20:3 —78.76
Modified Sunderland
. 27X 10 32:1 - 73.59
architecture
Modified Nicholas _
. 27 X9 320 : 9 —74.56
architecture
Parabolic
. . 27X6 160 : 3 -66.8
approximation
This work 27 X6 160 : 3 —-72.32
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Fig.8 Simplified DAC architecture

clock signals used in the converter™ . A step-down
buffer shown in Fig. 9 has also been added in front of
every current switch to achieve a better dynamic per-
formance. An improper switching voltage may cause
nonmonotonicity in the DDFS. Normally, the switc-
hing voltage for CMOS circuits is about 0. 4V, but we
choose 0. 6V to ensure that the switch can perform ef-
fectively. Two important parameters of DACs’ static
performance are integral nonlinearity (INL) and dif-
ferential nonlinearity (DNL), which are related to
the strategy of the layout implementation. The DAC
used in this paper employs a novel switching scheme
called a Q* random walk to improve the nonlinearity,
which can be degraded by the symmetric error and
two-dimensional graded error of the DAC™. This cur-
rent steering DAC can output 20mA at full scale.

S Layout and experiment results

The compact DDFS has been fabricated using a
0.35um CMOS process. The core area is 1.6mm’,
which is almost 80% smaller than the area of DDFSs
with a complete 10bit sine ROM lookup table. A chip
micrograph of the DDEFS is shown in Fig. 10. As the
figure shows, some other rubidium atomic frequency
standard servo circuits are also implemented on the

Input

Output

= 'T%]ﬁ%

Fig.9 Step-down buffer

Chip micrograph

same chip besides the DDFS. Figure 11 (a) shows the
output spectrum at fu = 20MHz and f,, = 625kHz.
Figure 11 (a) shows that the DDFS has an excellent
wideband SFDR of 61dB, which is better than the
55dB SFDR of recently reported DDFS. Figure 11 (b)
shows the output spectrum at fo, = 20MHz and f.. =
5.3125MHz. The good spectral purity in Fig. 11 (b)
means that the DDFS can provide a good 5. 3125MHz
sinusoidal signal for the excitation circuit. So, the ru-
bidium atoms can be excited effectively and the out-
put of the physics package can express the useful tran-
sition information of the rubidium atoms effectively.
The experimental results show that this compact
DDEFS can generate a good modulated 5.3125MHz
sine wave under control of the processor in our rubid-
ium atomic frequency standard. Reduction in power
dissipation is also an important objective in the design
of this DDFS. When the input system clock is operat-
ing at 20MHz, the DDFS only consumes 167mW at

Ref @ dBm
Samp

Atten 10 dB

Center 5 MHz
#Res BW 38 kHz

Span 16 MHz

VBH 3@ kHz #Sweep 10 s (401 pts)

(@)

Ref @ dBm
Samp

Atten 16 dB

Center 5 MHz
#Res BH 30 kHz

Span 10 MHz
#Sweep 10 s (401 pts)

VBH 30 kHz

(b)

Fig. 11 (a) Output spectrum at fq = 20MHz and fo. =
625kHz; (b) Output spectrum at fuq = 20MHz and fo. =
5.3125MHz
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