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Coded transmission is a technique to solve the inherent cmmipe between penetration
and resolution required in ultrasound imaging. Our aim veasxamine the performance of
the coded excitation in HF (20—-35 MHz) ultrasound imagingy. fhis purpose a novel real-
time imaging system has been developed. The digital progi@te coder-digitizer module
supports arbitrary coded waveform generation and RF ecbaepling up to 200 MSPS.
All digital RF and image processing was implemented in safew The system performance
was evaluated with a single thick-film transducer (focuseédviHz, 75% bandwidth) scan-
ning head. The RF echoes were acquired from a perfect reflecated with 1 cm of tissue
mimicking material. Single sinus burst and 16-bits Golage®excitations were evaluated.
SNR gain for the Golay codes (referenced to single burstpadB for 20 MHz and 16 dB
for 35 MHz were obtained. The axial resolution measured Htrhaximum was 35 ns for
20 MHz and 25 ns for 35 MHz for both single burst and the Golajeso It clearly shows that
the Golay codes can perfectly restore the resolution wiNieg respectable SNR gain.

Keywords: medical imaging, coded excitation, high frequency ultash digital signal pro-
cessing.

1. Introduction

Coded excitation is a technique for major improvement in SN penetration
depth in ultrasonic imaging without increasing peak press$evels [1]. There are nu-
merous papers devoted to the application of this techniglem frequency ultrasound.
However, there has been a gap in research that targets bmyeincy (HF) applications
so far. Current HF ultrasound applications encompassinga®elogy and ophthalmol-
ogy are faced with penetration depth shortage at frequerkfie35 MHz where the
visualization depth is limited to 5—7 mm due to rather higeratation & 18 dB/cm at
25 MHz).

Our previous experimental results have shown a great patefittoded excitation
in increasing contrast and penetration depth in skin in@f#n4]. However laboratory
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setup with off-line processing obstructs the real-timdwat#on. Thus, a novel real-time
signal acquisition and processing system targeted for HIEdaltrasound imaging was
proposed.

2. Coded transmission

The fundamental idea behind coded transmission is to iserélae emitted en-
ergy without increasing the peak pressure level by elongdtie transmitted waveform
while still preserving resolution using the time compreagprocessing. Special wave-
form modulation methods e.g. frequency modulation (chiopjary codes (Barker) and
binary complementary Golay sequences (CGS) codes arectddzad by a time lo-
calized narrow peak of their autocorrelation function. &icompression is performed
on the received RF echoes by means of matched filtration erbss-correlation with
the transmitted waveform. Clinical evaluation of the chinpdulation by BDERSEN
et al [2] showed an increase in penetration depth by around 2 ¢rd fldHz me-
chanical transducer. Results for HF coded ultrasound ussalit Golay complemen-
tary sequences (CGS) were reported byviNcki et al. [4]. SNR gain close to 14 dB
was obtained for 25 MHz LiNb©transducer. Practical application of coded signals
faces some technical challenges: linear signal conditgiri analog input chain, linear
power amplification in analog output stage, high dynamigeaRF signal digitization
and computational intensive code compression algorithrdigitized RF data. These
major changes required in ultrasound devices might be ns#ple for not so numerous
implementation of the coded transmission in commerciaipggant.

3. Coder-digitizer module

The coder-digitizer module was realized as a PC periphEnal device functionality
is embedded in the FPGA (Field Programmable Gate Array) ancbe easily repro-
grammed from the PC at any time. Both the control and datadmivthe PC and the
module are passed via a high-speed USB 2.0 interface. Glyrisiplemented FPGA
design realizes the following functionality:

e generation of the arbitrary coded waveforms for transmoisgwith support for

dual transmission for the Golay codes),

e digitization of the received ultrasonic RF echoes,

e timing and synchronization of the transmission and reoeptrocess,

e streaming of the digitized RF samples to the PC.

Block diagram (Fig. 1) of the module shows its internal atettiure.

e FPGA — a low-cost Xilinx® Spartan-3device provides sufficient speedfor
200 MHz operation and resources for internal buffers. Rigit samples are
transferred to PC via USB between consecutive line firingshBhe FPGA con-
figuration and transmission/acquisition parameters asgrpmmed on-the-fly by
the host PC.

e ADC - a high speed 200 MSPS, 12-bit resolution ADC (Analog to algCon-
verter) digitizes ultrasonic RF echoes preconditionedi@analog section.
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Fig. 1. Block diagram of the coder-digitizer module.

e DACs— (Digital to Analog Converter) 12-bit resolution, 200 MSEg&nerates
arbitrary coded waveforms used for transmission. The se@AC is used for
programmable TGC (Time Gain Compensation).

e Analog input/output- section consists of input low noise amplifier and output
linear power amplifier. Linearity of the analog chain is adtalicondition for the
coded transmission system.

e USB- interface supports real-time streaming of RF samples peadsof 5-10
B-mode frames/second.

e Head— mechanical sector probe consisted of 25 MHz center frexyufrcused
spherical transducer (4 mm diameter). The overall bandwadithe transducer
was 75%. The relatively large bandwidth was achieved usingve thick film
Pz-37 transducer (Ferroperm, Kvistgaard, Denmark).

4. Digital RF signal processing

Digital signal processing in our system includes 1D RF digma 2D image pro-
cessing. To balance the workload and use available resothiegprocessing was split
between the main processor (CPU — Central Processing Urdt)tee graphics card
(GPU — Graphics Processing Unit). This kind of balanceditecture allows us to pro-
vide software only processing from the raw digitized RF algio the B-scan image
without any special hardware solutions. The RF signal msiog — i.e. pulse compres-
sion and envelope detection was implemented on the CPU osiigized InteP IPP
(Integrated Performance Primitives) libraries. Code casgion algorithm was real-
ized in the frequency domain — i.e. correlation of the eclgmali and the transmitted
replica by spectra (FFT) multiplication of both signals.isTapproach is considerably
faster than the classical correlation (time domain) foresol@ngths of 50 samples and
more. The system works with a single transducer mechanézabishead. To display



84 M. LEWANDOWSKI, A. NOWICKI

the scanned sector with correct geometry, a scan convenrciessary. We decided to
implement the scan converter on a GPU using Micré8ddirectX library. Rectangular

to sector scan conversion was realized by a standard 3D igsaphimitive — texture
mapping. Texture mapping is a method of laying out rectaaghitmap image onto ar-
bitrary 3D object. Graphics hardware supports automaticite bilinear filtering which
gives good quality results. The achieved software proogsasnd display performance
on a Pentium 4 PC with NVIDI® GeForce 7600 graphics card is up to 30 frames/sec.
Currently our system works with a frame rate not exceedinrai®es/sec due to the
limited USB bandwidth, which is still reasonably fast forgated application.

5. Results

At the beginning the coder-digitizer module was tested irdegtgcal loop back
mode (TX output connected to RX input) in order to verify tignal processing algo-
rithm. Next, the whole system (including analog sectiony wannected to a wobbler
head. Figure 2 shows the echo (single m-mode line) from tihecter immersed in wa-
ter when the transducer was excited with a single burst (bgpaaf 20 MHz sinus).
The reflected echo envelop (Fig. 2b) HFB&/HM = 30 ns (Full Width at Half Maxi-
mum) andSNR = 36 dB.
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Fig. 2. Experimental echoes from the reflector: a) trangaift period sinus at 20 MHz, b) envelope of
the echo signal, c) power spectrum of transmitted signgdpd)er spectrum of received echo.

Figure 3 shows the echoes from the reflector in water for tnésson of 16-bit
Golay code at 20 MHz center frequency. It is clearly visilhlattthe wide band power
spectrum of the transmitted Golay code is highly filtered ty transducer (Fig. 3d),
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but still time compression can restore the axial resoluffig. 3f) FWHM = 30 ns,

as for 1-period sinus excitation. The real advantage of thlaysexcitation is the SNR
gain+14 dB (GolaySNR = 50 dB versus 36 dB for sinus). Code compression gain is
proportional to the time-bandwidth product. The presei@ethy codes have 20 MHz

bandwidth, while the available system fractional bandwidt50% (10 MHz).
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Fig. 3. Experimental signals from the reflector: a) trangeditL6-bit Golay code — for brevity one of the
pair, b) received code echo from the reflector, c) power specof transmitted code, d) power spectrum

of received code echo, e) time compressed echo signal, €)@ of the compressed echo signal.

The in vivo experimental data collected by scanning different skiassitlearly

proved increased penetration and SNR comparing to the atdrsthort pulse trans-
mission. The improved contrast and penetration of the CG®@is noticeable (Fig. 4)
even when using much higher frequency for the Golay code$A35 versus 20 MHz

for sinus). As discussed previously, this image exhibies3INR gain close to 14 dB in
comparison to that produced by the sine burst transmis§lomnoise present in the sine
burst image is clearly suppressed in the CGS one, indicatingiderable improvement
in contrast dynamics.
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Fig. 4. B-mode skin image for: 2-period sinus excitation@MHz (left), transmitted 16-bits complemen-

tary Golay codes at 35 MHz (right). The images show the lenijital scans of the vein in the palm of the

hand. The last one clearly exhibits the improved axial teswh and sensitivity; the backscattered echoes
from red cells are visible as well as intima-media thickness

6. Conclusions

A noveluniversakeal-timeultrasoniccodedmagingsystemwvasdevelopedThesys-
tem enables the evaluation and optimization of the codeitia¢ion technique both in a
laboratory and clinical environment. The unique featur¢ghefpresented system is the
real-time coded imaging with the possibility of switchingtlveen different excitat-
ion schemes during the experiment/examination. High speddr-digitizer module en-
ablesawiderangeof ultrasonicapplicationincludingstandargndhigh frequencyimaging.

Preliminary results confirm the SNR improvement for codadgmission (+14 dB
for 16-bit Golay codes at 20 MHz) while preserving axial tegon. The experimental
skin images showed great improvement in contrast and résoleven for the shallow
structures, thanks to the higher frequency enabled by th® S8R gain. When using
16-bit CGS it was possible to almost double fundamentalueegy, thus obtaining
better image resolution and at the same time much betterasrat deeper depths in
comparison to the single burst excitation.
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