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A direct digital frequency synthesizer with high-speed current-steering DAC∗
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Abstract: A high-speed SiGe BiCMOS direct digital frequency synthesizer (DDS) is presented. The design in-
tegrates a high-speed digital DDS core, a high-speed differential current-steering mode 10-bit D/A converter, a
serial/parallel interface, and clock control logic. The DDS design is processed in 0.35 µm SiGe BiCMOS standard
process technology and worked at 1 GHz system frequency. The measured results show that the DDS is capable of
generating a frequency-agile analog output sine wave up to 400+MHz.
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1. Introduction

Direct digital frequency synthesizers, commonly referred
to as digital frequency synthesizer (DDS) or DDFS[1, 2], play
an important role in many areas of digital electronics, such as
in digital communications, electronic warfare and radar sys-
tems, hydrogen maser receivers, particle accelerators, test and
measurement equipment, broadcasting, and medical equip-
ment. The importance of DDS in practical applications is ex-
pected to continue growing since the need for higher perfor-
mance circuits and products is inevitable in future generation
products.

A possible DDS implementation[3] includes large lookup
tables to store sine and cosine values. Another approach[4−7]

is based on the CORDIC algorithm. In this case, an over-
flowing accumulator generates the angle, while a rotator us-
ing the CORDIC algorithm[6] implements angle rotation. In
its standard implementation, the CORDIC algorithm accom-
plishes the required rotation as a sequence of subrotations,
where the input of each subrotation stage depends on the out-
put of the previous stage. In Refs. [8–10], a two-stage angle
rotation architecture is presented. In the first stage, a coarse ro-
tation of the input vector is performed with the help of a small
ROM (storing a few sine/cosine values) and a complex multi-
plier. After the coarse stage, the residual rotation angle is very
small, and its sine/cosine values can be approximated with a
few terms of Taylor approximation. The second stage therefore
performs the final rotation without requiring any lookup table.
Both rotation stages are implemented by using small multipli-
ers. The technique described in Ref. [11] also uses a coarse-
fine decomposition of the rotation stages. This approach is
similar to the memoryless mixed-CORDIC architecture first

proposed in Ref. [12].
In this paper, we present a high-speed SiGe BiCMOS di-

rect digital frequency synthesizer, which integrates a DDS core
based on the adjusted CORDIC algorithm[8], a high-speed 10-
bit current-steering mode D/A converter, a serial/parallel in-
terface, and a clock block. The DDS is processed in 0.35 µm
SiGe BiCMOS standard process technology and worked in
1 GHz system frequency. The measured results show that the
DDS is capable of generating a frequency-agile analog output
sine wave up to 400+MHz.

2. DDS architecture

The DDS system as shown in Fig. 1 consists of a digi-
tal DDS core, serial and parallel interfaces, a 10-bit current-
steering digital-to-analog converter (DAC), and a clock block.
The phase accumulator is an overflowing M-bit accumula-
tor whose value specifies the instantaneous phase. The M-bit
value may be truncated to another N-bit value, which is fed
as the argument θ to a phase-to-amplitude converter that com-
putes the digital sin θ and cos θ values to a precision of K bits.
The digital sine and cosine values are subsequently converted
to their analog values by a DAC.

3. DDS core

3.1. Basic CORDIC algorith

To design a high-speed DDS core, we need to implement
a high-speed phase to amplitude converter and parallel archi-
tecture. There mainly exist three kinds of approaches to imple-
ment phase to amplitude conversion: table-based, polynomial-
based and CORIDC-based. The table-based method takes too
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Fig . 1. DDS architecture.

many resources on chip and the polynomial-based method is
hard to implement by digital circuits. However, the CORDIC-
based method is easy to implement by circuits.

The CORDIC algorithm is used to compute the sine and
cosine of an angle θ specified in radians by iteration. For a
given angle θ, the computation of sin θ and cos θ can be
viewed as the computation of the X-axis and Y-axis coordi-
nates (Xθ,Yθ) of a point on the unit circle. This point can be
located by rotating a phase counterclockwise from an initial
position coincident with the X-axis through the angle θ.

As shown in Fig. 2, the vector OB can be given by ro-
tating a phase θ counterclockwise from the vector OA and the
relation between OA and OB is given by Eq. (1). x j

y j

 =  cos θ − sin θ
sin θ cos θ

  xi

yi


= cos θ

 1 − tan θ
tan θ 1

  xi

yi

 . (1)

Assume the angle θ is given by :

θ = δ0θ0 + δ1θ1 + · · · + δNθN ,

where δn ∈ (−1, 1), n = 0, 1, · · · , N. The coordination of
the vector OB can be given by decomposing the rotation into
a sequence of subrotations, as shown in following: x j

y j

 = cos θN cos θN−1 · · · cos θ0

 1 − tan δNθN

tan δNθN 1


×
 1 − tan δN−1θN−1

tan δN−1θN−1 1

 · · ·  1 − tan δ0θ0
tan δ0θ0 1

  xi

yi


= K

 1 − tan δNθN

tan δNθN 1

  1 − tan δN−1θN−1

tan δN−1θN−1 1

 · · ·
 1 − tan δ0θ0

tan δ0θ0 1

  xi

yi

 , (2)

where K = cos θN cos θN−1 · · · cos θ0 is a scale factor.

Fig. 2. Vector rotation coordinates.

In the basic CORDIC algorithm，θn = arctg (2−n), the
same as θ0 = arctg (1/2◦) = 45◦, θ1 = arctg (1/2) = 26.57◦,
θ2 = arctg (1/4) = 14.04◦, and so on. The rotation can be
rewritten as xn+1

yn+1

 = cos θn

 1 − δn2−n

δn2−n 1

  xn

yn

 . (3)

As shown in Eqs. (1) and (3), the multiplication by tan θk
in Eq. (1) can be implemented as a simple shift-and-add op-
eration, resulting in a multiplierless datapath. When the initial
vector OA is in superposition with the X-axis, and the coordi-
nation is (xi, yi) = (K, 0), the coordination of the vector OB
is (x j, y j) = (cos θ, sin θ) by the sequence of the angle subro-
tations, which is the sine and cosine values of the input angle
θ.

3.2. Improved CORDIC algorithm

In the basic CORDIC algorithm, the direction of the N+1
time iteration to compute the sine and cosine values for the an-
gle θ is determined by computation of the residual angle of the
N time iteration, which limits the speed of the algorithm. Here
an improved CORDIC algorithm is presented, where the rota-
tion direction is determined by the binary bit value of the input
angle. In this way, the computation speed of the algorithm is
improved and the circuit is scaled. The basic principle of the
improved algorithm is shown as follows.

Consider an arbitrary positive angle θ in [0, π/4], which
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can be represented as θ =
N∑

k=1
bk2−k, where bk ∈ {0, 1} are the

bits corresponding to the (N+1)-bit fractional binary represen-
tation of the angle θ. Recording rk = 2bk−1, the angle θ can be
represented as:

θ =

N∑
k=1

bk2−k = φ0 +

N+1∑
k=2

rk2−k, (4)

where φ0 =
N+1∑
k=2

2−k = 1/2− 1/2N+1 is a constant and rk ∈

{−1, 1}, k = 2, 3, · · · ,N + 1.
Unlike the basic CORDIC algorithm[1], the rotation be-

gins with φ0 followed by the sequence of 2−2, 2−3, . . . , 2−k ,
and the rotation direction is determined by the binary bit value
of the input angle θ. A bit bk =1 corresponds to a positive (or
counterclockwise) rotation by 2−k−1 rad, and a bit bk = 0 cor-
responds to a negative (or clockwise) rotation by 2−k−1 rad. It
results in the sine and cosine values for the angle θ: xk+1 = xk − rk tan(2−k)yk,

yk+1 = yk + rk tan(2−k)xk.
(5)

One of the major benefits of recording over CORDIC is
that the direction of rotation at each stage is immediately ob-
tained from binary representation of the angle θ, thereby elim-
inating the need to compare angles at each stage. However, it
is necessary to implement the multiplier for tan(2−k) in Eq. (5)
and expand tan(2−k) by the Taylor series as follows:

tan(2−k) = 2−k +
1
3
× 2−3k +

2
15
× 2−5k + · · · . (6)

Since 2−k is a power of two, the implementation of
tan(2−k) can be simplified by employing the approximation
tan(2−k) ≈ 2−k (for k > N/3). This approximation causes no
loss of accuracy in the tan(2−k) representation so long as 2−k is
sufficiently small that the difference (2−k – tan 2−k) is smaller
than the finite-precision limits of the quantified error. For k <
N/3, we can compute the initial angle ϕ0. Thus, the rotation
after recording can be represented as a fixed initial rotation ϕ0

followed by a sequence 2−2, 2−3, 2−4, 2−5, etc. The results are
saved in ROM. The next rotation is dependent on the result of
direct addressing on the ROM with high bits.

For 2−k (k > N/2), we can also obtain the approxima-
tions cos(2−k) ≈ 1, sin(2−k) ≈ 2−k. The approximation error
is smaller than the quantified error of the data limit resolu-
tion. By approximation for Eq. (1), we can obtain the follow-
ing equations:

x j = xi − rk2−kyi, y j = yi + rk2−k xi. (7)

Now, we can simplify the all m rotations as follows for k
> N/2: 

xk+m = xk − yk

k+m−1∑
i=k

ri2−i,

yk+m = yk + xk

k+m−1∑
i=k

ri2−i.

(8)

Fig. 3. Parallel architecture.

According to the above result, the improved CORDIC
algorithm divides the rotation into three phases. At the begin-
ning, the first N/3 rotations are obtained by looking for the
small ROM table. Then, the next N/3 rotations are obtained by
the shift-and-add butterfly. Lastly, the leave rotation is com-
pleted by Eq. (8). By the improved algorithm, we can improve
the frequency, save area, and decrease the delay between the
input and output. Moreover, we can change the time of the ro-
tation, the width of immediate data path, the width of the input
angle, and obtain the necessary wave under a specific resolu-
tion and frequency.

3.3. Circuit implementation

In order to achieve a 1 GHz sample rate under 0.35
µm SiGe BiCMOS technology, the digital circuit of the DDS
adapts parallel and pipeline technology. After designing one
datapath accumulator, 4-datapath cross phase output is pro-
duced by employing the phase offset. With the 4-datapath
CORDIC module, we implement the parallel 4 signal datap-
aths. The architecture is shown in Fig. 3.

The parallel design and sharing of the accumulator sup-
port the operation frequency decrease to 250 MHz and sim-
plify circuit complexity and power.

4. High-speed current-steering DAC

4.1. DAC architecture

The supply voltage of the 10-bit 1GSPS differential cur-
rent steering mode D/A converter is 3.3 V. The converter has
an 80-channel CMOS digital input signal and a 2-channel
complementary differential analog current output signal, and
has a full-scale output current of 20 mA. Figure 4 shows a
block diagram of the 10-bit 1GSPS D/A converter principle.
As shown in Fig. 4, the 10-bit 1GSPS D/A converter con-
sists of a time division multiplexer, a 5-31 “thermometer” de-
coder, a delay circuit, a master-slave latch array, a current
switch array, a current source array, a time schedule controller,
a bandgap reference, and other modules. The operational prin-
ciple of the converter is as follows. The 10-bit 8-channel (a to-
tal of 80 channels) CMOS digital input signal enters the time
division multiplexer under control of the system clock (125
MHz), generates a 10-bit data signal by synthesis, is transmit-
ted to the high 5-bit 5-31 “thermometer” decoder under the
control of the primary frequency clock (1 GHz), eliminating
“code-dependent” ripple, and the low 5-bit equivalent delay
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Fig. 4. Block diagram of the 10-bit 1GSPS D/A converter.

Fig. 5. Block diagram of the time division multiplexing unit.

circuit, respectively, and is converted into a 36-channel dig-
ital signal. The converted signal is synchronously sent from
the master-slave latch array to the following current switch ar-
ray and current source array, and generates an analog current
complementary output signal. The on-chip bandgap reference
facilitates a constant current source generating the reference
current. The digital/analog conversion function with a resolu-
tion of 10 bits is achieved at a clock frequency of 1 GHz.

4.2. Time division multiplexer

The data input signal of a very high speed D/A converter
is usually a CMOS signal provided by the DDS core in the
preceding stage. At present, the transmission frequency of the
CMOS signal normally is about 200 MHz. Thus, the signal
must be synthesized by the time division multiplexer, and then
processed by the very high speed D/A converter at a clock
frequency of 1 GHz. The 10-bit 8-channel time division mul-
tiplexer consists of 10 time division multiplexing units, and
a block diagram of the 10-bit 8-channel time division multi-
plexer principle is shown in Fig. 5.

The operational principle of the time division multiplex-
ing units is as follows. The CMOS/differential ECL converter

converts an 8-channel CMOS data input signal into a high-
frequency anti-jamming internal differential ECL signal. The
signal enters the time division multiplexing core via the 1st and
2nd-stage master-slave latches. In order to eliminate transmis-
sion delay in the system data signal, the first-stage latch is syn-
chronized by the system clock, while the second-stage latch is
synchronized by the on-chip clock. The time division multi-
plexing core consists of 7 gates that are divided into 3 stages.
The gating order of the 8-channel signal is 8-7-6-5-4-3-2-1.
To reduce mismatch of the signal, the layout is arranged in a
cross-symmetric way of 1-5-3-7-2-6-4-8. The clock frequen-
cies of the 3-stage gates are, respectively, main frequency/8,
main frequency/4, and main frequency/2 from front to end.
The 3-channel clock delay to transmission data is designed
accurately, and also undefined states generated during logic
combination of the 8-channel signal in the time division mul-
tiplexing core are filtered out in order to reduce the noise of
the whole circuit and to avoid error coding. Finally, the 8-
channel main frequency/8 CMOS signal is synthesized into a
1-channel main frequency differential ECL signal, and is out-
put at the master-slave latch/buffer in order to drive the follow-
ing stage.
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Fig. 6. Block diagram of the 5-31 “thermometer” decoder.

4.3. 5-31 “thermometer” decoder

A good trade-off is made by segment structure between
the reduction of ripple energy, differential nonlinearity, the in-
crease in complexity of the decoding logic, and the total lay-
out area. Therefore, the very high speed D/A converter is de-
signed to be the segment structure with a high 5-bit 5-31 “ther-
mometer” decoder but low 5-bit binary weight, thus eliminat-
ing 96.9% “code dependent” ripple and greatly improving the
dynamic performance of the whole circuit.

A block diagram of 5-31 “thermometer” decoder is
shown in Fig. 6. During 5-31 “thermometer” decoding, the
turnover frequencies of input bits increase in the order of high
to low bits. In order to design simple encoding logic and to ob-
tain a very high speed data transmission rate, high 5-bit input
data are designed to be a D5-D6 bit 2-4 decoder and a D7-D9
bit 3-8 decoder. Finally, a decoder of 32 channels generates
the 31-channel decoding output data needed at the following
stage.

The logic of the 5-31 “thermometer” decoder is achieved
by 112 NAND gates that are divided into 4 stages (3 stages for
D5 and D6 bits with high turnover frequency, 4 stages for D7,
D8 and D9 bits). 1 bit differential ECL data output of the time
division multiplexer in the preceding stage needs to drive 6-8
NAND gates in the 5-31 “thermometer” decoder simultane-
ously. Moreover, it is a long-line drive. Therefore, the driving
capacity of the master-slave latch/buffer in the time division
multiplexer and the design of signal long-line linewidth and
spacing (determining the parasitic capacitance of the signal
line) become key to achieving high performances of the very
high-speed D/A converter, and post-simulation of the layout
design must be done to optimize the layout. In design of cir-
cuit configuration, the master-slave latch array is introduced
in the mid-segment of the decoding path (i.e. between NAND
gates in the preceding and following stages) in order to add
time schedule synchronization, improving the time schedule
control of the 31-channel decoding data signal. In the layout
design, cross-symmetry of the 31-channel decoding data sig-
nal of the decoder is arranged, and is realized by the NAND
gate array with the same structure in order to eliminate mis-
match between signals and to improve circuit resolution.

4.4. Master-slave latch array

Under the control of the main frequency clock, the

Fig. 7. Schematic diagram of current steering switch array.

master-slave latch array sends a 36-channel digital signal in
the preceding stage synchronously to the current steering
switch array in the following stage to do the digital/analog
conversion. The array consists of 36 master-slave latches, and
has a large layout area. In order to drive the array effectively
and synchronously, design of the clock tree is used. The num-
ber of clock buffers is defined by 2n (16) for symmetrical lay-
out of the clock tree. The path for the main clock to reach
different master-slave latches is designed by post-simulation
of the layout in order to have equal parasitic effects on the
precondition that the distance in physical paths is equal. With
the design of above 2 key points, the goal of driving the clock
synchronously is achieved.

4.5. Current steering switch array

The current steering switch array consists of 36 current
steering switches. As a key unit for digital/analog conversion,
the array converts the digital voltage input signal into an ana-
log current output signal. A schematic diagram of the current
steering switch array is shown in Fig. 7.

The current steering switch array uses a fully differential
symmetric structure. Q1 and Q2 are the main differential pairs,
two branches Q3, Q5, R1 and Q4, Q6, R2 provide common-
mode biasing points for Q1 and Q2, respectively. N groups
of the same pull-up PMOS transistor branches are designed at
Q3 and Q4 bases. By gating 1-N PMOS transistors and opti-
mizing common-mode biasing points for Q1 and Q2, the anti-
jamming capacity of the current steering switch array can be
improved. Q7 and Q9 are, respectively, pull-down NPN tran-
sistors at Q3 and Q4 bases. If the inverted data input signal is
1, then Q9 is on, current at Q3 base is extracted, Q3 is off, there
is no current input at Q1 base; at the mean time, as Q7 is on,
current at Q1 base is extracted. Due to the simultaneous action
of the above two factors, Q1 off is accelerated, in-phase cur-
rent output signal is 0. The structure improves the conversion
rate of differential pairs, and is of key importance in the cir-
cuit achieving high-frequency performances. The operational
principle for Q8 and Q10 is the same as Q7 and Q9. A small
capacitor C1 is connected between Q1 and Q2 in order to elim-
inate surge and oscillation in the process of differential switch
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Fig. 8. Switching sequence of a 16 × 16 array.

conversion. If the capacitance is too large, then settling time of
the conversion signal would be reduced. Therefore the capac-
itance can be optimized by post-simulation.

4.6. Current steering switch array

Matching accuracy of the constant current source is a bot-
tleneck in the design for the resolution of the very high-speed
D/A converter, dependent on random mismatching and system
mismatching. Random mismatching is determined by the in-
trinsic matching property of the process, and the most effective
way of reducing random mismatching is to increase the area
of constant current source. However, to increase the resolu-
tion of the D/A converter by 1 bit means increasing the area of
the constant current source by 3 times, which increases system
mismatching of the constant current source array. In this study,
compensation technology of quad quadrant 2-order system er-
ror is used to compensate for system mismatching caused by
processing gradient error (1-order error) and temperature and
electrical gradient (2-order error). The technology optimizes
the “thermometer” decoder output and the interconnecting se-
quence between the switching controls in the constant current
source array. If the input data of the “thermometer” decoder in-
crease gradually, then compensation output data would switch
on accumulated system mismatching in order. Figure 8 shows
the switching sequence of a 16 × 16 array[13, 14].

As shown in Fig. 5, 16 constant current sources 0 to
which X1 corresponds are distributed in A-P (16 big modules).
The distribution eliminates 2-order error. In each big module,
the constant current sources to which X1-X16 correspond are
arranged by common-center symmetry in an emissive way.
The distribution in each module eliminates 1-order error.

In the circuit design, a constant current source array is
divided into four quadrants, and each quadrant is further di-
vided into 8 parts; there are 32 modules in all these 32 constant
current sources to which each output in the 5-31 “thermome-
ter” decoder corresponds which are distributed in each large
module in the way of 2-order system error compensation; each
large module consists of 34 constant current sources in all, 31
for high 5 bits, 1 for low 5 bits, and 2 for the reference con-
stant current source. The low 5-bit constant current source and
reference constant current sources are placed in the center of
the module.

Fig. 9. Microphotograph of the DDS die.

Fig. 10. Evaluation board of the DDS.

5. Serial/parallel interface

The transfer of data from the user to the DDS core is by
the serial/parallel interface, which is a 2-step process. In the
write operation, the user first writes the data to the I/O buffer
using either the parallel port or the serial interface. In the up-
date operation, the DDS core’s register memory is updated by
the data.

6. Measured results

The high-speed DDS is designed and processed in double
well 2P4M 0.35-µm SiGe BiCMOS. The die of the high-speed
DDS was obtained by processing. The area of the die is 5.6 ×
5.6 mm2, as shown in Fig. 9.

The evaluation board of the DDS is shown in Fig. 10,
which incorporates the DDS, the wave output ports, and the
clock generator. The DDS is clocked and the output is taken
from the DAC.

By the serial/parallel interface, the frequency control
words are written into the control registers of DDS to evaluate
the function of the single-tone mode, frequency-sweep mode
and phase shift.

The sample rate is 1GSPS, supply voltage is 3.3 V, and
power current is 365 mA. The tested electrical parameter re-
sults of the DDS are as follows.
(1) Wide-band SFDR DC to Nyquist

The measured results for wide-band SFDR DC to
Nyquist are shown in Table 1.
(2) Narrow-band SFDR

The measured results for narrow-band SFDR are shown
in Table 2.
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Table 1. Wide-band SFDR DC to Nyquist.

Frequency (MHz) SFDR (dBc)

Fout = 40 56.9
Fout = 100 57.4
Fout = 180 53.6
Fout = 360 46.2
Fout = 180, 700 REFCLK 51.5

Table 2. Narrow-band SFDR.

Frequency (MHz) SFDR (dBc)

Fout = 40 ±15 86.2
Fout = 40 ± 1 86.9
Fout = 40 ± 50 92.5
Fout = 100 ±15 82.7
Fout =100 ± 1 88.5
Fout = 100 ± 50 92.2
Fout = 180 ± 15 82.7
Fout = 180 ± 1 88.3
Fout = 180 ± 50 89.1
Fout = 360 ± 15 83.9
Fout = 360 ± 1 88.4
Fout = 360 ± 50 91.8
Fout = 180 ± 15 700 REFCLK 60.9
Fout = 180 ± 1 700 REFCLK 90.2
Fout = 180 ± 50 700 REFCLK 88.5

Table 3. Output phase noise characteristics.

Frequency Phase noise (dBc/Hz)

@103 MHz IOUT , @10 kHz offset –146
@103 MHz IOUT, @100 kHz offset –157
@403 MHz IOUT, @10 kHz offset –132
@403 MHz IOUT, @100 kHz offset –143
@100 MHz IOUT with 700 MHz REF-
CLK, @10 kHz offset

–138

@100 MHz IOUT with 700 MHz REF-
CLK, @100 kHz offset

–153

@100 MHz IOUT with 700 MHz REF-
CLK, @1 MHz offset

–159

@100 MHz IOUT with 700 MHz REF-
CLK, @10 MHz offset

–160

(3) Output phase noise characteristics
The measured output phase noise characteristics are

shown in Table 3.
The wideband SFDR is –46.2 dB and narrowband SFDR

is 83.9 dB (at a clock frequency of 1 GHz and an output sinu-
soidal wave frequency of 360 MHz) as shown in Figs. 11 and
12.

In this DDS design, the worst spurs in the output spec-
trum are due to the truncation of the phase word from the ac-
cumulator to the 10 bit sine-weighted DAC.

Fig. 11. Wide-band SFDR, 360 MHz FOUT.

Fig. 12. Narrow-band SFDR, 360 MHz FOUT, 30 MHz BW.

7. Conclusions

In this paper, we have proposed a high-speed SiGe BiC-
MOS direct digital frequency synthesizer design, which inte-
grates a DDS core, a high performance current-steering DAC,
a serial and parallel interface circuit, and a high speed clock
generator. The chip is processed under 0.35 µm SiGe BiC-
MOS technology. The test result shows that the DDS design
can generate a frequency-agile analog output sine wave at up
to 400+MHz.
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