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Abstract—A quadrature 650 MHz direct digital frequency
synthesizer (DDFS) with linear phase and frequency modulation
capabilities is realized in a 130nm BiCMOS process. The DDFS
supports stretch processing pulse compression for a single chip
radar transceiver (RoC). The design features a partial dynamic
rotation (PDR) Cordinate Rotation DIgital Computer (CORDIC)
for the phase to sine and cosine mapping functions (SCMF), a
32 bit phase accumulator with a 0.23 Hz frequency resolution at
native operating frequency, 32 bit linear frequency modulation
(LFM), 14-bit linear phase modulation (LPM), additive dithering
for randomization of phase truncation spurs, two inverse sinc
functions for zero-order hold (ZOH) transfer function correction
of the DAC, stretch processing radar control circuitry and two
twelve bit CMOS current steering DACs.

Index Terms—DDFS, Direct Digital Frequency Synthesis, DDS,
Direct Digital Synthesis, DCDO, Chirp, Linear Phase Modula-
tion, LPM, Linear Frequency Modulation, LFM

I. INTRODUCTION

Advancements in SiGe BiCMOS processes have allowed
for novel single die (chip) transceiver systems to be fabricated
that until the past decade, were unrealizable on a single die
or even within a single process. GaAs and InP [1] have long
been preferred processes for high speed, low noise receivers
and high frequency digital synthesizers because of their high
electron mobility and low device noise. Silicon CMOS pro-
cesses are typically preferred for digital signal processing
(DSP) for their low cost and high yield. The heterojunction
bipolar transistors (HBTs) in SiGe BiCMOS processes allow
for low noise amplifiers (LNAs) and mixers to be implemented
at high frequency with respectable noise figure on the same
die as high speed DSP. Also notable are the advancements in
mixed-signal design flows from commercial electronic design
automation (EDA) vendors that have opened the door for small
research teams to design complex system-on-chip designs that
were normally reserved for larger design houses.

One system that is particularly well suited for experiment-
ing with the integration limits of SiGe is a radar. Modern
radars have stringent requirement specifications such as wide
bandwidth for transmission and reception, complex phase
and frequency modulation schemes that often require a large
amount of digital signal processing, high resolution analog to
digital converters (ADCs), high resolution digital to analog
converters (DACs), programmable filtering, and phase locked-
loops (PLLs) with excellent phase noise [2]. In February 2011,
a single chip stretch processing radar transceiver targeting
low cost, high volume applications was fabricated [3]. The

stretch processing architecture required a high speed direct
digital frequency synthesizer (DDFS) with unique features.
This paper details the design and implementation of the
required DDFS.

II. RADAR ARCHITECTURE

As with most modern architectures, the radar implemented
for the RoC module uses pulse compression. Pulse compres-
sion in signal processing allows for a system to exchange peak
instantaneous output power for time domain duration. The
receiver of a system implementing pulse compression achieves
a large processing gain as the signal is compressed during
reception and thus obtains a longer detection range with less
instantaneous power. Thus for low-power radar applications
that operate over an appreciable distance, pulse compression
is almost essential.

One pulse compression technique for which a DDFS with
LFM is well suited is stretch processing [4]. In fixed chirp
rate stretch processing, a high bandwidth linear chirp of chirp
rate (α) with a fixed time length (TTX ) is transmitted into the
environment. The transmit period times the chirp rate yields
the effective bandwidth of the transmitted chirp (βTX ).

During reception of the signal reflected from a target, a
“destretch” signal of the same chirp rate α as the transmitted
signal, but with a longer time duration (TRX ) and consequently
wider bandwidth, is used to demodulate the signal. The dif-
ference in the time duration between the transmit and receive
chirps sets the range interval of the radar. It is the bandwidth
of the destretch signal (βRX ), and not the transmitted pulse,
that sets the system bandwidth requirement for the DDFS.
Figure 1 shows a simple frequency domain representation
of a transmission interval of a stretch processing radar. The
frequency steps are shown as discrete since a DDFS is used to
generate the tone. Note that TD is the time that the reflected
signal arrives back at the radar receiver.

For a full derivation of the stretch processing algorithm
consult [2], including the equations necessary to extract in-
formation from the received signals. In short, a signal of the
form given in Equation 1 must be generated by the DDFS:

yc (t) = Arect
(
t− τin

Tin

)
sin

(
2πf0t+ παt2 + φ0

)
(1)

where f0 is the start frequency of the chirp, α is the slope of
the LFM, φ0 is an arbitrary start phase. The range resolution
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Fig. 1. Frequency Domain Stretch Example

and interval requirements of the radar indicated a bandwidth
of 200 MHz.

Figure 2 shows the block diagram of the radar zoomed
around the placement of the DDFS in radar architecture.
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Fig. 2. RoC Architecture (DDFS Zoomed)

III. DDFS ARCHITECTURE

The actual architecture of the DDFS that meets the require-
ments herein is now presented. A high level block diagram
of the DDFS architecture is given in Figure 3. Table III
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Fig. 3. RoC DDFS Block Diagram

provides the bit values for each of the buses shown in Figure
3. The components that make up the block diagram are now
presented.

A. Phase and Frequency Accumulators

The core of the DDFS is the phase accumulator. This com-
ponent performs an efficient mapping of [0, 2N ) to [0, 2π) and
hence is called the phase accumulator. The phase accumulator
for this DDFS has frequency modulation capabilities and is
implemented in static CMOS. Figure 4 is a block diagram

TABLE I
DESCRIPTION OF CONSTANTS

Constant Value Description

BF 32 Frequency accumulator bits
BP 32 Phase accumulator bits
BPT1 19 Phase bits after first truncation
BPT2 16 Phase bits after second truncation.
BD 3 Dithering bits
BA 12 Amplitude bits
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Fig. 4. Chirp Accumulators

of the accumulator used in the design. FSTART is the start
frequency control word (FCW) of the DDFS and relates to
f0 of Equation 1, FSTEP is the step FCW and relates to
α and PSTART is the starting phase accumulator phase and
relates to φ0. A fine frequency resolution is important in the
stretch processing algorithm to avoid phase and frequency
discontinuities, with 650 MHz clock frequency, the frequency
resolution of the DDFS is approximately 0.23 Hz.

When the FSTEP word is set to zero, LFM is disabled and
the DDFS works as a conventional single tone DDFS. FSTART
word can then reduce to the traditional FCW of a conventional
DDFS. The following equation gives the frequency at clock
cycle n.

Fn = FSTART + nFSTEP (2)

The phase state at clock step n is given as

Pn = PSTART + Pn−1 + Fn (3)

The instantaneous output frequency at clock cycle n is there-
fore linearly increasing with F at each clock cycle. Lastly,
the radar control circuitry stops the frequency and phase
accumulators after the stop FCW (FSTOP) is reached.

B. Additive Dithering

A relatively inexpensive technique for reducing the magni-
tude of quantization spurs of the DDFS is to dither during
quantization. A Galois polynomial 65-bit linear feedback
shift register (LFSR) is used to generate the pseudo-random
sequence. The three bits from the LFSR are then fed into the
top three MSB of the truncated word. The carry-out of this
summation is then fed into the kept phase word. Overflowing
at this point is not a concern, as the phase is periodic.

C. Digital Inverse Sinc Filter

The high speed DAC implementation used in the DDFS
inherently applies a zero order hold (ZOH) operation on the
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Fig. 5. Inverse Sinc FIR Filter (Block Diagram)

output waveform. The ZOH transfer function is actually a sinc
function in the frequency domain. As stated in Section II, the
DDFS generates a wide bandwidth “destretch” chirp signal
that performs the pulse compression step of the radar. It is
important that the amplitude of the generated chirp not fluctu-
ate with frequency (and hence distort the radar measurement).
One solution is to apply an inverse sinc operation using a finite
impulse response (FIR) filter to shape the waveform before
sending it to the DAC.

In the DDFS, two FIR filters with 9-bit coefficient res-
olution, one for the I-path and one for the Q-path, were
implemented after the PDR CORDIC. Pipelining the FIR filter
was essential to allow it to reach 650 MHz operation. Figure
5 shows a block diagram of the inverse sinc filter component
as implemented, where c0 = −1, c1 = 4, c2 = −16, and
c3 = 192 for nine bit coefficient resolution.

The measured results match the theory quite well. To test
the filters, a 90 MHz sweep with the clock frequency at 200
MHz was generated using the DDFS. Four markers are placed
equally across the waveform and the amplitude was measured.
With the inverse sinc filter deactivated, the measured values
across the spectrum were -23.60 dBm, -24.03 dBm, -24.87
dBm and -26.37 dBm. This roll off indicates that the DACs do
indeed exhibit ZOH behavior. Next, the same 90 MHz sweep
with the clock frequency at 200 MHz was generated with the
inverse sinc filter active. The four markers now read -27.24
dBm, -27.17 dBm, -27.09 dBm and -27.30 dBm. Here the
gain variation is less than 0.21 dBm.

D. Partial Dynamic Rotation CORDIC

The phase to sinusoidal mapping function of the DDFS uses
a recently developed PDR CORDIC [5]. The CORDIC takes
16-bit phase from the phase accumulator and thus produces a
phase truncation quantization noise floor of -91 dB. This all
but guarantees that the any spurs will come from the amplitude
quantization in the SCMF or non-linearity in the DAC.

Most ROM compression techniques such as the bipartite
table method (BTM) or multipartite table method (MTM)
would produce ROMs that failed to operate at 650 MHz given
16-bits of phase. A traditional ROM would likely use 14-
bit in an attempt to place the largest phase truncation spur
below the DAC noise floor. The architecture of the DDFS is
fully described in [5], but in short, a look-up table with 256
entries is used to get an estimate of the correct SCMF value.
This value is then placed into a dynamic rotation stage that
includes decision logic about the angle of the rotation to be
used. Since the CORDIC only has to perform two rotations, the
gain factor of the CORDIC produces an error that is below the
quantization noise floor and thus can be completely ignored.
After rotation, the values are piped to a quadrature mapping
that produces the quadrature sine and cosine values.

E. DACs

Two fully differential, current steering 12-bit, 650 MHz
CMOS DACs convert the digital output of the DCDO to
a voltage. The DACs use a segmented architecture with 6-
bits of thermometer coding for the MSB and 6-bits of binary
coding for the LSB. Figure 6 is a block diagram of the DAC.
The output of the DAC has 20 dB of digitally controlled,
programmable gain. The gain is programmed by modifying
the values of current reference. The DAC uses a triple-centroid
switching scheme made popular in [6], that randomizes spurs
due to current cell mismatch. The clock tree is a balanced H-
tree in an attempt to minimize clock skew along the wire paths.
A single base transistor size was chosen such that the variation
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Fig. 6. DAC Block Diagram

exhibited through Monte Carlo simulations kept the DAC DNL
within bounds. Figure 7 demonstrates how the single unit
transistor is used to build the current source network. The
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Fig. 7. DAC Current Source Sizing
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Fig. 8. Die Photograph of RoC (DDFS Zoomed)

thermometer coded current sources have a cascade transistor
added to increase the output impedance of the DAC. The
DAC also implements custom high speed latches that convert
the single ended digital input to a differential signal. These
latches aid in synchronizing the the digital bits sent to the DAC
from the synthesized digital component. The synchronization
reduces timing mismatch and consequently the improves the
spurious response of the DAC. The total area of the DAC,
including the digital front-end, is 400 µm × 500 µm. The
SFDR of the DAC is approximately 55 dBc (better than 60
dBc at certain frequencies) through about two thirds of the
Nyquist frequency. The measured narrowband noise, where
narrowband is measured before the third harmonic of the
fundamental tone, is approximately 90 dBc.

IV. MEASUREMENTS AND CONCLUSION

The performance of DDFS is summarized in Table II.
From a previous implementation, the research has shown
that the digital component can run without errors up to 1.1
GHz. However, due to process manufacturing issues with this
particular run, the system could only run at 650 MHz. Another
version will be resubmitted without modification that should
allow it to reach the proper operating frequency. The static

TABLE II
DDFS PERFORMANCE SUMMARY

Parameter Value

fclk 650 MHz
SFDR (low) 55 dBc (at 1.26 MHz)
SFDR (mid) 60 dBc (at 88 MHz)

SNR (narrowband) 91 dBc
Power (Analog) 150 mW
Power (Digital) 700 mW

DAC Area 400 µm × 500 µm (2X)
Digital Area (inc. SPI/control logic) 400 µm × 800 µm

DNL and INL of DAC cannot be measured as the inputs of
the DAC are not accessible from the pad frame of the chip.
The SFDR however indicates that the DAC performs poorly
in INL. This is likely due to the programmable gain stage of
the DAC, as the third order harmonic was strongly dependent
on the gain state. Figure 8 is the die photo of the RoC chip
zoomed around the DDFS. Lastly, Figure 9 shows a 100 MHz
chirp with the inverse sinc filter activated. Figure 10 shows the
DDFS operating in single tone mode. The main tone is located
at 85.8 MHz and the largest spur is the fourth order harmonic
of the main tone located at 343.2 MHz and is 57 dB down. This

Fig. 9. Chirp with Inverse Sinc On

Fig. 10. DDFS with Single Tone Output

tone is measured before the low pass filter. This paper briefly
describes a fully functional DDFS for stretch processing radar
applications. The performance of the digital logic of the DDFS
is competitive with other published DDFS implementations
given the feature size of the technology, almost certainly when
frequency resolution and features are considered.
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