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Low-Spurious Wideband DDS-Based Ku-Band
Chirp Generator for Short-Range Radar Application
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Abstract— Direct digital synthesizer (DDS)-based chirp
generator is a popular component in high-performance radar
systems owing to its high speed and excellent chirp-linearity
properties. This letter presents a 12–18 GHz DDS-based chirp
generator with high spectral purity by proposing a method for
planning the optimal frequencies. To verify the performance,
the RF characteristics of the fabricated chirp generator were
measured, and range profile measurements were performed to
test the fabricated chirp generator.

Index Terms— Direct digital synthesizer (DDS), frequency-
modulated continuous wave (FMCW) waveform generation,
frequency planning, short-range radar.

I. INTRODUCTION

NOWADAYS, direct digital synthesizer (DDS)-based chirp
generator is widely used to achieve flexibility, high-

frequency resolution, linearity, and speed [1]. Although
commercial DDSs are available, designing a DDS using field-
programmable gate array (FPGA) and high-speed digital-to-
analog converter (DAC) is preferred for its advantages—it
is easier to synchronize and reconfigure waveform. There
are some disadvantages as well, such as a relatively nar-
row bandwidth and low spectral purity. To overcome these
shortcomings, co-design of digital multiple DDS architecture
(multi-DDS) and RF frequency conversion module has been
proposed [2]–[4]. The multi-DDS functions to generate a
baseband chirp signal with a bandwidth above the Nyquist
limit for the FPGA clock frequency. It generates the chirp
signal in parallel, serializes it, and feeds it to the high-speed
DAC. Then, the RF frequency conversion module converts
the baseband chirp signal to a higher and broader chirp
signal. It usually comprises multiple frequency multipliers
and RF filters [4]–[7], occasionally using an extra mixer to
shift the frequency band [2], [3], [8]. However, going through
these multiple RF components can create additional spurious
signals; therefore, optimized frequency planning is required to
minimize them.
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Fig. 1. Spectrum of a super-Nyquist architecture with an M stage × N
frequency multiplier chain. (a) Simplified spectrum at all frequencies.
(b) Spectrum of a single stage of the frequency multiplier chain.

This letter presents a low-spurious wideband DDS-based
chirp generator design method based on frequency planning.
Then, the fabricated Ku-band chirp generator and its per-
formance are introduced. Finally, the functionality of the
proposed chirp generator is verified through range-profile mea-
surements using the in-house Ku-band FMCW radar prototype.

II. OPTIMAL FREQUENCY PLANNING

In the design proposed in this letter, the super-Nyquist
architecture [9] with mix-mode DAC, where the multi-DDS
generates a signal in the second Nyquist zone, is used to
simplify the RF stages. As shown in Fig. 1(a), a baseband chirp
generated in the second Nyquist zone of the DAC is converted
to an RF chirp with the lowest frequency fL and bandwidth
B at the output of the M stage × N frequency multiplier
chain. Each frequency multiplier generates undesired harmonic
leakages. To filter out these leakages, the desired harmonic
band should not overlap with the undesired harmonic bands
as depicted in Fig. 1(b), which yields

fL − (N − 1)
fL + B

N
> BT (1)

(N + 1)
fL

N
− ( fL + B) > BT (2)

where the transition band of the RF bandpass filter BT can be
expressed as a fraction of signal bandwidth B as BT = p1 B .
From (1) and (2), the necessary condition to filter out all the
undesired harmonics can be derived as

fL ≥ N(1 + p1)B > 2B (3)
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where N is an integer not less than 2. As shown in Fig. 1(a),
through the condition which filters out the DAC clock leakage
signals and out-of-band signals, the additional relations are
obtained as

fL

N M
− Fs

2
> B I R

T (4)

Fs − fL + B

N M
> B I R

T (5)

where the transition band for image-rejection filter B I R
T can

be expressed as a fraction of the DAC sampling rate Fs as
B I R

T = p2 Fs . From (4) and (5), the upper bound for the DAC
sampling rate can be obtained with the condition of existence
of the cascaded multiplier factor N M , which yields

Fs <
(1 − 4 p2) fL − (1 + 2 p2)B

(1 + 2 p2)(1 − p2)
. (6)

Furthermore, to effectively eliminate the images and DAC
sampling clock leakages with a bandpass filter, the center
frequency of the baseband chirp is chosen as the center of
the second Nyquist zone, which yields

Fs = 4( fL + 0.5B)

3N M
. (7)

From (6) and (7), we can determine the multiplication factor
N , the number of frequency multipliers M , and DAC sampling
rate Fs . Note that the parameters M and Fs should be chosen
with careful consideration of the trade-offs between digital
and RF design complexity. When the selected DAC sampling
rate Fs is close to the upper bound, both the complexity of
the DAC and the number of DDS blocks in the multi-DDS
increase, which can be a burden on the FPGA. In contrast, the
required frequency multipliers increase when the value of the
selected DAC sampling rate Fs is too low.

Given the required chirp specifications fL and B , all
design parameters (Fs , M , N , p1, and p2) can be obtained
by pre-determining two of these parameters and using (3),
(6), and (7). The pre-determined parameters and their values
should be selected by considering the actual implementation.
If the system requires a fractional bandwidth (FBW) of more
than [200/(2N + 1)] %, the chirp specifications B and fL

violate (3). Especially if the system requires FBW of more
than 40%, (3) cannot be met regardless of the multiplication
factor N . Thus, the output frequency of the M stage frequency
multiplier chain should be adjusted as

f NEW
L = fL + fshift (8)

where f NEW
L is the new output frequency of the frequency

multiplier chain, fL is the required lowest frequency of the
chirp signal, and fshift is the frequency of the single-tone signal
for the frequency shifting. Thus, a wideband down-conversion
mixer is needed after the M stage frequency multiplier chain
in order to implement the frequency shifting operation of (8).
Then, given the chirp specifications fL , and B , the other design
parameters ( fshift, Fs , M , N , p1, and p2) can be obtained by
pre-determining three of them and replacing fL in (3), (6), and
(7) with f NEW

L in (8). Note that the down-conversion mixer
can cause other spurious signals. They can be suppressed by
reducing the input power to the mixer, but this strategy may

TABLE I

DESIGN PARAMETERS OF THE KU-BAND CHIRP GENERATOR

Fig. 2. Block diagram of the implemented Ku-band chirp generator.

require an additional gain block at the output RF path to meet
the output power requirement.

III. IMPLEMENTATION OF THE KU-BAND

CHIRP GENERATOR

As shown in Fig. 2, the Ku-band chirp generator ( fL = 12
GHz, B = 6 GHz) was realized using the design parameters
(see Table I) obtained by the proposed frequency planning
method. For the digital part, the XCZU28DR RFSoC platform
HTG-ZRF8 [10] was used to implement the multi-DDS and
mix-mode DAC. The multi-DDS was implemented using the
Xilinx logiCORE IP DDS compiler. For the RF part, the
frequency conversion module was manufactured using com-
mercial off-the-shelf (COTS) chips and a four-layer PCB with
Rogers RO4003 and FR-4. Active frequency multipliers were
used in the frequency multiplier chain to minimize the gain
block, reducing hardware complexity and cost. Moreover, the
appropriate insertion losses in the filter blocks were intended
to satisfy the input power requirement of each frequency
multiplier and reduce the multiple reflections caused by the
impedance mismatches.

The output specifications of the implemented chirp gen-
erator are characterized as the spurious-free dynamic range
(SFDR), output power spectrum, phase noise, and spectro-
gram. The measurements were performed using the spectrum
analyzer (E4440A) and digital oscilloscope (MSO73304DX).
The measurement results in Fig. 3 indicate the performance
with 11 dBm output power, averaged SFDR level of 45.5 dBc,
and phase noise of −105 dBc/Hz at an offset of 1 MHz from
the 15 GHz carrier. As mentioned in Section II, the SFDR was
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Fig. 3. Measured performance of the implemented Ku-band chirp generator.
(a) Power spectrum, (b) SFDR, (c) phase noise of the baseband and RF chirp
at 12/15/18 GHz, and (d) normalized spectrogram of the 6-GHz/50-μs chirp.

TABLE II

COMPARISON OF DDS-BASED CHIRP GENERATOR SPECIFICATIONS

slightly degraded at around 16 GHz by the down-conversion
mixer. Other than that, the SFDR and the phase noise at
Ku-band are originated from the baseband signal. When going
through three frequency doublers, the SFDR is degraded by
18.06 dB since the spurious level increases by 6.02 dB through
each frequency doubler [11]. According to the phase noise
propagation model going through the frequency multipliers
and the mixer [12], the phase noise is also degraded by the
following relation:

Sϕout( f ) = (
N M

)2
SϕBB( f ) + Sϕshift( f ) (9)

where Sϕ( f ) is the power spectral density of the phase noise
ϕ(t). Considering the assumption that the phase noises of the
chirp and single-tone sources are perfectly correlated, it can
be deduced that the phase noise of the RF output increases by
at least 13.98 dB.

To further investigate the validation of the proposed fre-
quency planning, the DDS-based chirp generators are com-
pared in Table II. In [7] and [8], a commercial DDS and
an up-conversion mixer were used instead of the super-
Nyquist architecture. It is confirmed that a down-conversion
mixer was mostly used when the FBW of 40% and more is

Fig. 4. Range profile measurement setup in an anechoic chamber. (a) Block
diagram and (b) photograph of the measurement environment.

Fig. 5. Results of the range profile measurement. (a) Range profile for the
ten measurements and (b) ranging precision from the 2048 measurements.

required [2], [3], [8]. Furthermore, the chirp generators which
satisfy the proposed conditions, especially (3) and (8), provide
excellent SFDR characteristics [6]–[8].

Using 6-GHz/50-μs chirp as shown in Fig. 3(d), the range
profile measurements were performed to test the functionality
of the fabricated chirp signal. As shown in Fig. 4, a 2.4��
edge trihedral corner reflector was placed 2 m apart from
the radar platform. The in-house homodyne FMCW Ku-band
TRX, 3-dBi printed dipoles were used to transmit and receive
the RF signal. Furthermore, the data acquisition system was
implemented with the multi-DDS in the RFSoC to synchronize
the system. Regarding the post-processing, the TX-to-RX cou-
pling signal and clutter signals were removed by subtracting
with the signal obtained in the absence of the target. The range
profiles for the multiple measurements are plotted in Fig. 5(a).
The results indicate that the target is placed at 2 m apart from
the radar. After applying the Hamming window, the measured
SNR is 14 dB, and the measured range resolution is 3.66 cm.
In addition, the ranging precision was obtained with the 2048
measurements to investigate the various noise source effects
on the measurement [13], [14]. As shown in Fig. 5(b), the
system ensures the ranging precision of 135.39 μm which is
close to the Cramer-Rao lower bound of the ranging precision
(48) in [13] of 109 μm.

IV. CONCLUSION

This letter has proposed a design method for a low-
spurious and wideband chirp generator using a super-Nyquist
architecture and a multistage frequency multiplier chain. The
distinctive contribution of this study is that it has presented
the derivation of the optimal design parameters that provide
low-spurious characteristics based on frequency planning. This
method was validated by fabricating the Ku-band chirp genera-
tor with a spurious level with the averaging level of −45.5 dBc.

Authorized licensed use limited to: Seoul National University. Downloaded on April 22,2022 at 04:48:14 UTC from IEEE Xplore.  Restrictions apply. 



KIM et al.: LOW-SPURIOUS WIDEBAND DDS-BASED Ku-BAND CHIRP GENERATOR 209

REFERENCES

[1] J. Tierney, C. Rader, and B. Gold, “A digital frequency synthesizer,”
IEEE Trans. Audio Electroacoust., vol. AU-19, no. 1, pp. 48–57,
Mar. 1971.

[2] J.-B. Yan et al., “Ultrawideband FMCW radar for airborne measure-
ments of snow over sea ice and land,” IEEE Trans. Geosci. Remote
Sens., vol. 55, no. 2, pp. 834–843, Feb. 2017.

[3] J. Yan et al., “Airborne measurements of snow thickness: Using ultra-
wideband frequency-modulated-continuous-wave radar,” IEEE Geosci.
Remote Sens. Mag., vol. 5, no. 2, pp. 57–76, Jun. 2017.

[4] D. Gomez-Garcia, C. Leuschen, F. Rodriguez-Morales, J.-B. Yan, and
P. Gogineni, “Linear chirp generator based on direct digital synthesis
and frequency multiplication for airborne FMCW snow probing radar,”
in IEEE MTT-S Int. Microw. Symp. Dig., Jun. 2014, pp. 1–4.

[5] D. Bleh et al., “W-band time-domain multiplexing FMCW MIMO radar
for far-field 3-D imaging,” IEEE Trans. Microw. Theory Techn., vol. 65,
no. 9, pp. 3474–3484, Sep. 2017.

[6] Q. Li, D. Yang, X. H. Mu, and Q. L. Huo, “Design of the L-band
wideband LFM signal generator based on DDS and frequency multipli-
cation,” in Proc. Int. Conf. Microw. Millim. Wave Technol. (ICMMT),
May 2012, pp. 1–4.

[7] G. Rubio-Cidre, A. Badolato, L. Úbeda-Medina, J. Grajal,
B. Mencia-Oliva, and B.-P. Dorta-Naranjo, “DDS-based signal-
generation architecture comparison for an imaging radar at 300 GHz,”
IEEE Trans. Instrum. Meas., vol. 64, no. 11, pp. 3085–3098, Nov. 2015.

[8] B. N. Mohring, U. Siart, and T. F. Eibert, “Fast chirp frequency-
modulated continuous-wave reflectometer for monitoring fast varying
discontinuities on transmission lines,” IEEE Trans. Instrum. Meas.,
vol. 70, pp. 1–11, 2021.

[9] M. Ash and P. V. Brennan, “Transmitter noise considerations in
super-Nyquist FMCW radar design,” Electron. Lett., vol. 51, no. 5,
pp. 413–415, Mar. 2015.

[10] HitechGlobal. HTG-ZRF8-Product Page. Accessed: Oct. 28, 2021.
[Online]. Available: http://www.hitechglobal.com/Boards/
Zynq_RFSoc.htm

[11] Z. Szczepaniak and T. Rogala, “Reduction of spurious signal upcon-
version in frequency multipliers,” Electronics, vol. 9, no. 7, p. 1126,
Jul. 2020.

[12] K. Siddiq, M. K. Hobden, S. R. Pennock, and R. J. Watson,
“Phase noise in FMCW radar systems,” IEEE Trans.
Aerosp. Electron. Syst., vol. 55, no. 1, pp. 70–81,
Feb. 2019.

[13] F. Herzel, D. Kissinger, and H. J. Ng, “Analysis of ranging precision
in an FMCW radar measurement using a phase-locked loop,” IEEE
Trans. Circuits Syst., I, Reg. Papers, vol. 65, no. 2, pp. 783–792,
Feb. 2018.

[14] M. Kucharski, A. Ergintav, W. A. Ahmad, M. Krstic, H. J. Ng, and
D. Kissinger, “A scalable 79-GHz radar platform based on single-
channel transceivers,” IEEE Trans. Microw. Theory Techn., vol. 67, no. 9,
pp. 3882–3896, Sep. 2019.

Authorized licensed use limited to: Seoul National University. Downloaded on April 22,2022 at 04:48:14 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


