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Letters
Bidirectional Doppler Signal Analysis Based on a Single RF Sampling Channel
Piero Tortoli. L. Bessi, and Francesco Guidi

Abstract-Recent introductions
of low-cost high-performance
devices have finally made feasible the implementation of “undersampling” techniques in different application areas. A significant
example isrepresented
by Doppler analysis, whichtypically
involves theinspection of narrowbandspectraaroundanRF
carrier. This letter describes the implementation of an aliasingfree CW ultrasound Doppler system employing a “single” undersamplingchannel, inplace of the two “quadrature”sampling
channels alreadyproposed by other authors. Implications in
terms of clutter rejection are also discussed.
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I. INTRODUCTION

B

ASE-BAND analysis of Doppler frequencies originated
by moving targets (e.g., flying objects in radar environments or blood erythrocytes in ultrasound applications), typically involves demodulation of the received radio-frequency
(RF) signal on twoquadrature channels [l]. This approach
presents a couple of intrinsic technical difficulties: to maintain
a good linearity over a wide dynamic range, and to ensure an
appropriatephase and amplitude matching between the two
channels.
The possibility of eliminating muchof the electronic circuits
involved in quadraturedemodulators, hasattractedinvestigators in differentapplication
areas [2]-[5]. In [ 2 ] and
[3], inparticular,demodulation
of narrowband ultrasound
echographic signals is obtained by sampling the received RF
signal at a rate lower than twice the highest absolute frequency
(undersampling). In both cases, however, a “quadrature” technique is proposed, making reference to two channels, where
thereceivedsignal
is sampledwithareciprocal
delay of
one-fourth the period of the transmitted carrier [6].
11. SINGLE
CHANNEL
ANALYSIS

We haveinvestigatedthepracticalimplications
of using,
in ultrasound Doppler analysis, a single channel of analog-todigital ( A D ) Conversion operating at RF. The first problem
that we have faced is possible alias distortion duetooverlapping of subsequent spectralrepetitionsgeneratedbythe
undersamplingprocess. When the equivalent complex bandpasssignal [7] is notreconstructed, in fact,adjacent images
of the original spectrum are likely to lie over each other.
However, this distortion can be avoided by properly choosingthe samplingfrequency F, withrespect to the carrier
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Fig. 1, (a) Spectrum of a Doppler signal modulating the carrier frequency F,,
over a bandwidth Bd. (h) Spectrum of the Doppler signal after undersampling
at a frequency F, fixed according to (2).

frequency F,. In particular, F, can be setatsucha
value
that one of the images of theoriginal narrowband Doppler
spectrumresults centered around the frequency F,/4 [g]. In
this case, if the bandwidth B d is narrowerthan F s / 2 , any
overlapping between adjacent spectral images is avoided (see
Fig. l ) , while flow directiondiscrimination is still allowed.
Doppler frequencies > F, (corresponding to forwardflow)
are in fact translated between F,/4 and F s / 2 , while Doppler
frequencies < F, (corresponding to reverse flow) aretranslated between F s / 4 and zero. The main limitation is that, for
a given bandwidth Bd,the “minimum” sampling frequency F,,
has here to be 2 . Bd, while in quadrature sampling systems
it is just equal to Bd.
By looking at pictures like that in Fig. l(b), one can realize
that the discussedconditions correspond to havingacarrier
frequency F, equal to an odd number of times the baseband
center frequency Fs/4. i.e.:

(where K is an integer number), or, in equivalent terms:

Therefore, giventhe carrier frequency F,: K is chosen as
the integer number which, when substituted in (2), yields the
sampling frequency nearest to two times the expected Doppler
bandwidth B d .
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111. CLUTTERREJECTION

The secondproblem to be considered is the elimination
of high-levellow-frequency components originated by fixed
and/or slowly moving targets (“clutter”). In conventional systems the quadrature components of the demodulated Doppler
signalarehigh-pass (HP) filtered prior to be A/D converted
with,typically, S-bitresolution. Since thisanalog filtering
isomittedhere,A/Dconversion
mustbeperformed
over a
wider dynamic range and,especially in continuous wave (CW)
systems, at least 10-12 bits become necessary.
HP filtering can be suitably performed in the digital domain
in all cases wherethesystem
is equipped withasoftwarereconfigurabledigitalsignalprocessor
(DSP). In particular,
when the Doppler signal is analysedthrough a fastFourier
transform (FFT) algorithm, the undesired components can be
directly suppressed in the frequency domain, by setting to zero
the corresponding spectral samples.
However, this frequency domain filtering failsif the effect of
clutter is not limited to a few frequency bins. Since an FFT is
always performed onsignal segments of finite length (i.e., on a
limited number of points), each frequency component is spread
over a large number of bins according to thesincfunction
response. Possiblestrong echoes related to fixed or slowly
movingtargets
can therefore generate spectral“sidelobes”
capable of maskingweaker,but
more significant, Doppler
components. To avoidthisundesirable
effect, theuse of a
weighting window, such as the popular Hamming function, can
hereplay a fundamental role. As known [9], these windows
involve lower sidelobes than a rectangular window, since they
combine within a single main lobe most of the spectral energy
associated with a given continuous waveinputsignal.
The
above mentioned masking of weaker Doppler components by
a high level clutter can thus be avoided.
IV. EXPERIMENTS

We haveexperimentally xerified theabove considerations
by implementing a Doppler ultrasound system organized as in
Fig. 2. The transducer is here excited in a Continuous Wave
mode at F, = 4 MHz. The receivedsignal,after proper RF
amplification, is sampled at approximately 15 100 Hz. This
sampling frequency, obtained by dividing a 16 MHz Master
Clock by a factor 2K+ 1 = 1057, was chosen in order to allow
Doppler shifts up to almost f 3 kHz to be properly analyzed.
For sampling, the AD9100 Sample/Hold (byAnalogDevices, Norwood,MA)
was chosen for itsextremely
low
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Fig. 3. Spectrogramsobtainedfrom
inspection of a humancarotidartery.
In (a), a Hamming window was imposed on the Doppler data, while in (b)
a rectangularwindow was used.

aperturejitter (1 PS rms), while the lessstringenttiming
requirementsfor the A/D converter (one 12 bit conversion
must be completed in several tens of p s ) has led to the choice
of the popular AD7870. Real-time FFT is performed by means
of a TMS320C25 (by Texas Ins.) DSP, which is also used to
impose a programmable window on the input signal, as well as
a programmable “mask” on the spectral output (i.e., by zeroing
undesired components around F s / 4 ) .
The DSP isinterfaced to a Personal Computer fordisplaying
outputspectraldata. Since the system is aimed at analyzing
Dopplersignalsgenerated
by bloodflow,thedisplayhas
beenorganizedaccording
to the “spectrogram”format used
in most instruments for medical use. Examples are given in
Fig. 3, wherethegreylevels
in each vertical frequency-line
correspondto differentspectral amplitudes. Fig. 3(a) shows
thespectrogramobtained according to thediscussedmethod
when blood flow in a human carotid artery was investigated.
Hamming weighting of FFT input data wasincludedand
three FFT output samples around Fs/4have been set to zero.
Since thebeam-to-vesselanglewasherelargerthan
90”, a
reverse flow has beendetected. By using angleslower than
90”, forward flows were obtained, with Doppler frequencies
detected in the [Fs/4-Fs/2] range. It can be observed that this
spectrogram, except for zero-Doppler frequency being shifted
to F s / 4 = 3.8 KHz, is equivalent to those which are obtained
withconventionalsystems.
Fig. 3(b)shows thespectrogramwhich
is obtained if the
same inputdataare
not Hamming weighted: it is apparent
how muchthesignificantsignal
is masked by the sidelobes
of spectral components induced by the vessel walls moving
at the heartbeat rate. Even when aunidirectional
flow is
investigated,these sidelobes spread over both positive and
negativefrequencyranges.
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V. CONCLUSION
Thecorrectoperationofthemethoddiscussedhereis
demonstrated by the equivalence between results like that
in
Fig.3(a)andspectrogramsobtainedwithconventionalapproaches. By fixing the sampling frequency according to ( 2 ) ,a
single A/D conversion channel canbe substituted to quadrature
demodulators, HPF’s and A/D converters. Frequency domain
filtering, in particular, can be suitably performed by the same
DSP used for Doppler frequency analysis, provided a proper
weighting window is imposed to the input signal.
Whencomparedtoconventionalsystems,themajorpossiblelimitationscanbefound
in dynamic rangeandnoise
performance. Simple low-pass filters following the quadrature
demodulators must in fact be replaced by a highly tuned and
accurate band-pass filter. The absence of time-domain highpassfilteringthenimposessevererequirementstotheA/D
converter resolution.
The problemsof noise performance and clutter rejection discussed above, are similar to those faced in 2-D flow mapping
systems [lo], where Doppler signals related to different range
cells are not independently filtered before sampling. Actually,
the method discussed and implemented here on a CW system,
can also be used for pulsed wave analysis, provided
that the
pulse repetition frequency (PRF) fulfills the relationship given
in (2) for F, rate. In this case, the integer K should also be
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PRF capable of avoiding
chosen at such a value to yield a
possible range-ambiguities, as in conventional systems.
REFERENCES
D. H. Evans, W. N.
McDicken,
R.
Skidmore,
J.
P. Woodcock,
Doppler Ultrasound - Physics, Instrumentation and Clinical Application
Chichester:Wiley,1989,pp.
84-98.
J. E. Powers, D. J. Phillips, M. A. Brandestini,and R. A. Siegelman,
“Ultrasoundphasedarraydelaylinesbased
on quadraturesampling
techniques,” IEEETrans.SonicsUltrason.,
vol. SU-27, pp.287-294,
1980.
F. Forsberg and M. 0. Jorgensen, “Sampling technique for an ultrasound
Dopplersystem.” Medicaland Biological Ena.
- andCompurinn,
. . pp.
20;-210. Mar.1989.
R. Groshong and S . Ruscak, “Undersampling techniques simplify digital
radio,” Electronic Design, pp. 67-78, May-1991. .
J. Jensen,OralCommunication,7th
New EnglandDopplerConf.,
Interlaken.May1993.
S. H. Chang, S. B. Park, and G. H. Cho, “Phase-error-free quadrature
samplingtechnique in the ultrasonicb-scanimagingsystem
and its
IEEETrans.Ulrrason..
applicationtothesyntheticfocusingsystem.”
Ferroelec. Freq. Contr., vol. 40. pp. 216-223, 1993.
A. V. Oppenheim and R. W. Schafer, Discrete-rime Signal Processing.
New York: F’rentice-Hall, 1989, pp. 686-688.
L. Bessi,“TecnicheDigitaliperElaborazioneDati
nei Flussimetri
Doppler ad Ultrasuoni,”Laurea Thesis, University of Florence, June
1991.
F. J. Hams, “Onthe use of windows for harmonic analysis withthe
discrete Fourier transform,” Proc. IEEE, vol. 66, pp. 51-83, 1978.
I. A. Hein and W. D. O’Brien, Jr., “Current time-domain methods for
assessing tissue motion by analysis from reflected ultrasound
echoes a review,” IEEE Trans. Ultrason. Ferroelec. Freq. Contr., vol. 40, pp.
8 4 1 0 2 , 1993.

__

