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Onso6z

Tibbi tani ve cerrahi uygulamalarda kuglk kanallarda kullanilabilecek
gérintiileme aletlerine ihtiyag duyulmaktadir. Ornegin, beyin ve karaciger lizerinde yapilan
cerrahi islemlerde cerrahin ameliyat arag gereclerini kullanmasini zorlastirmayacak bir
gorintiuleme probu, klavuzlama igin, kesilecek doku alanlarinin tesbiti ve ana damarlarin
kesilmemesini 6nelemek gibi bir gok yarar saglayacakir. Bu amagla kullanilacak probun
boyutu bir santimetreden kiigiik olmasi ve Uretecegi gériintliniin gergek zamanl ve lg¢
boyutlu olmasi zorunludur. Ultrasonik gérintileme, kuglk prob yapisina ve opak
olmayan ortamlarin gergcek zamanl gdéruntilenmesine olanak vermesi nedeniyle
endoskopik uygulamalar icin ¢ok uygundur. Ultrasonik goéruntileme, malzemelerin
hasarsiz sinanmasi, denizalti algilama ve tibbi tani uygulamalarinda yaygin olarak
kullaniimaktadir. Ultrasonun zararsiz ve gercek zamanda gériintilemeye olanak vermesi
nedeniyle tibbi tanida diger yontemlere tercih edilmektedir.

Bu projede, kanal igi (endoscopic, intracavital) gergek zamanl G¢ boyutlu tibbi
ultrasonik goruntileme uygulamalari igin maliyet verimli ve yiksek ¢6zUnurlik saglayan
goruntuleme yéntemleri gelistirmek amaciyla yakin zamanda yaptigimiz bir galismayi
timler o6zellikte yeni bir yaklasim &nerilmis ve sayisal benzetimlerle mevcut yéntemlerle
karsilastirmal olarak irdelenmisgtir.

Calisma TUBITAK tarafindan 106M333 numarali proje kapsaminda
desteklenmistir.
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Ozet

Yakin zamanda yapilan galismalarimizdaki yaklasimda, aktif kanal sayisini azaltmak igin
fazlalik (redundant) gdénderme-alma elaman ikilileri azaltirken gerekli olan (non-redundant)
gonderme-alma elaman ikilileri korunmaktadir. Bu islem, rastgele degil tekdlze bir esdeger dizi
aciklik islevi olusturmaya yonelik olarak belirlilik yaklasimina (deterministik) dayali yapiimaktadir.
Bu yaklasima dayali olarak fazlalik mekansal frekanslari azaltiimis ¢ok farkl dizi yapilari olusturmak
olanaklidir. Tasarlanan bazi dizi yapilari yakin tarihli uluslararsi bir konferansta grubumuzca
sunulmustur. Bu yapilar, kugik diziler (6rnegin NxN=16x16) igin gergek zamanda gorintulemeye
olanak vermekle beraber buylk diziler igin (6rnegin NxN=32x32 ve NxN=64x64) gercek zamanda
gorintuleme igin uygun degildir.

Bu projede 6nerilen yeni yaklasimda, gérintl uzayinin taranma zamanini kisaltmak ve
boylece gorintileme hizini artirmak amaciyla, gérintll uzayi, géndermede yelpaze-demet (fan-
beam) kullanilarak taranmaktadir. Bu yaklasim, fazlallk mekansal frekanslari azaltiimis dizilerle
yapilan géruntilemenin hizini, dizi buyuklGgunin karekdkine indirgeyerek bulylk dizilerle gergek
zamanda goérintilemeye olanak vermektedir. Yaklasimin bu o6zelligi esas alinarak, fazlalik
mekansal frekanslari tamamen ayiklanmis yeni bir 6zgun dizi yapisi dusunulmis ve yelpaze-
demetleme yaklasimi ile birlikte bir bttn olarak kullaniimasi 6ngérilmemustur.

Bu proje calismasinda, fazlalik mekansal frekanslari azaltiimis ve tamamen ayiklanmis dizi
yapilari yelpaze-demetleme yaklasimiyla birlikte teorik olarak ve sayisal benzetim yoluyla
irdelenmis, 6n-elektronik donanim mimarileri olusturulmustur. Projede 6nerilen yaklagimin sistem
maliyeti bakimindan bir boyutlu dizi kullanan sistemlere yakin ve gérintuleme performansi tg¢
boyutlu kanal igi goérintulemeye uygun oldugu, teorik ve benzetimsel nitel ve nicel sinamalarla
gosterilmis ve proje amagclarina ulasiimistir.

Anahtar Kelimeler: Ultrasonik tibbi ¢ buyutlu gérintuleme, iki boyutlu transduser dizileri,
demetleme, kapasitif mikroislemeli ultrasonik transdiserler, dizi-6nu elektronik mimarileri.



Abstract

The image quality of a pulse-echo array system can be quantified by the coarray function,
which corresponds to the convolution of the transmit and receive arrays. The far-field, continuous
wave point spread function of the array imaging system can be approximated by the Fourier
transform of the coarray. Each sample of the coarray corresponds to a transmit-receive element
combination and thus to a spatial frequency. In array design, the basic idea is to form a coarray
which is minimally redundant in spatial frequency content; that is, a coarray that captures all of the
spatial frequency content with a minimum number of transmit/receive element pairs. The sampled
rectangular aperture function is the coarray with no redundant spatial frequency, where each
sample is generated by a single transmit-receive element pair. On the other hand, the frame rate is
another critical parameter in real-time array processing. The frame rate is inversely proportional to
the array size and/or the number of signal firing/receiving steps. Volumetric imaging with 2D arrays
requires scanning of 3D field and hence involves excessive number of scan angles (firings).
Therefore real-time 3D scanning is another challenge in array processing. Conventional full phased
array utilizes all of the elements on transmit and receive. It provides the best possible image quality
for a given array. However, for large arrays and especially for 2D arrays, it is difficult to implement
in hardware because of the large number of active elements. The challenge of array design is to
achieve image quality approaching that of conventional phased array with reduced hardware
complexity.

In this study to minimize the number of firings we propose four array architectures that
involve reduced or minimally redundant spatial frequencies. For real-time volumetric scanning, we
also propose to generate transmit fan-beams using a subset of elements on a 2D transducer array.
These elements are choosen along a line to form a “linear array” which produces a fan-beam,
narrow in one dimension and broad in the other dimension. Since a plane of volumetric field is
insonified, one can reconstruct the image lines on that plane through parallel receive beamforming
using a 2D receive array. Since the transmitter must be a linear array to produce a fan-beam, the
2D transmit array must be decomposed into linear arrays, and data acquision must be repeated for
each line array. The final data must be added coherently to form the overall image. The fan-beam
processing can be implemented using any transmit-receive array configuration. In conventional
phased array processing with a NxN 2D array, the number of firings (scan angles) to form a 90°
volumetric frame is equal to (\/2xN)2. The number of firings for X-transmit array with fan-beam is
equal to 2xV2xN. In other words fan beam processing reduces the number of firings from O(NZ) to
O(kN), where k represents the number of linear arrays forming the transmit array. As a result the
fan-beam processing is attractive for volumetric imaging using large 2D arrays. The fan-beam
processing increases the susceptibility to tissue-transducer motion by a factor of k, which is the only
drawback.

We explored these array designs using simulated point spread functions. For each design,
we investigated the system architecture, determine the front-end complexity, point and contrast
resolution, SNR, frame rate and motion susceptibility. We performed a quantitative comparison of
the proposed designs. The results show that the aims of the project were achieved successfully.

Keywords: Three dimensional medical ultrasound imaging, two dimensional transducer arrays,
beamforming, capacitive micromachined ultrasonic transducer arrays, front-end hardware
architectures.



1. Giris

Ultrasonik géruntileme, gérunti elde edilecek alana yiksek frekansli ses dalgalarinin
goénderiimesi ve yansi isaretlerinin islenmesi ile elde edilir. Her tarama agisina tum dizi
elemanlarindan isaret génderilip alinmasi ile gérinti uzay taranir. Her tarama agisi igin dizi
elemanlarina uygun gecikmeler uygulanir, bu isleme génderis demetlemesi, yansiyan isaretlerin
uygun gecikmeler uygulanarak es evreli hale getirilip yoplanmasi ise alis demetlemesi olarak
adlandirilir.[1] Iki boyutlu gériintuleme bir boyutlu (6rnegin 64 elemanli) transduser dizisi kullanilirak
yapilabilirken t¢ boyutlu gériinttleme igin iki boyutlu (érnegin 64x64 elemanl) transduser dizisi
kullanmak gerekmektedir [2].

Noktasal bir hedeften yansiyan dalgalar kullanilarak elde edilen gérintt noktasal dagilim
islevi (NDI) olarak adlandirilir. [ki boyutu NDi,matematiksel olarak Rayleigh-Sommerfeld girisim
(diffraction) integralinin dizilere uygulanmasiyla asagdidaki basitlestiriimis ifedeyle gosterilebilir [3,4],

a(r+rk) jw[’ "kHRHk)

cos g, cosd, 1

he(r,0) = ZR:aR ] Za,[k]

K, L

Buradaki toplamlar génderici ve alici dizilerine karsilik gelmektedir; bu dizilerdeki eleman sayilari
sirasiyla Nt ve Nr olarak gosterilmistir; diger paramtreler su sekildedir: (r,8): polar koordinat
degiskenleri; he(.): iki yonlu iki boyutlu NDI; ar ve ar: dizi agiklik islevleri (apodization); a: ortamin
sénum katsayisi; w: zamansal frekans; r: dizi elamanindan géruntl noktasina olan uzaklik; o:
eleman dikeyinden goriintl noktasina olan olan agi; T: demetleme zaman geciktirmesi.

Uzak-alan ve surekli dalga yaklastirmalari esas alindidinda, bir diziden yayilan dalgalarin girisim
sonucu olusturdugu uzaydaki dagihim, diger bir degisle bir yénli noktasal dagilim islevi (NDI),
dizinin acgiklik iglevinin Fourier déntsimd ile ifade edilebilir:

hy(sin€ ) = S{a, [n]} %)

Burada h(8): bir boyutlu yanal (lateral) NDI; 8: dizi diseyine gére tanimlanmis polar koordinat
degiskeni; at[n] dizinin génderme aciklik islevidir. Bir dizinin génderme ve alma aciklik islevleri
ayniysa génderme ve alma NDi'leri de aynidir. Génderis ve alis dizileri ayri olmasi durumunda iki
yonlil (génderme-alma) NDI tek yénli islevlerin carpimina karsilik gelir:

he(sin@ )= hy(sin@ )x hy(sin@) = S{aT [n]}x S{aR [n]} 3)

Ters Fourier déntsiim alinarak esdeger dizi (coarray), génderme ve alma dizilerinin katlanmasina
(convolution) karsilik gelir:

ac[n]=a,[n]®a,[n] (4)

Esdeger dizi islevi ayni zamanda mekansal frekans uzayi (k-space) olarak da degerlendiriimektedir.
Diger bir degisle her esdeger dizi elemani, bir génderme-alma dizi eleman giftine karsilik gelir ve
dolayisiyla bir mekansal frekansi simgeler.

Gorintilemede ana islem olan demetleme sistem maliyetini ve goéruntu kalitesini dogrudan
etkilemekte ve hatta belirlemektedir. Dizilerle en iyi goruntt kalitesi klasik evreli dizi demetleme
yontemi ile saglanir. Evreli dizi ydonteminde tim dizi elemanlari uygun evrelerle/gecikmelerle isaret
gondermede almada kullanilir. Génderme ve almada d-aralikh N elamandan olusan tekdize
pencerelenmis bir boyutlu dizi kullanilirsa (N1=Nr=N ve a,=bs=1), evreli dizi ydnteminin uzak-alan
strekli-dalga islevi (1) numarali denklem kullanilarak asagidaki gibi ifade edilebilir:

sin(% Nd sin 6) sin(% Nd sin 9)
6
hCPA(e)z pe X p XhE(H) ()
sin(—d sin 9) sin(d sin 9]
A A

Burada hg(8) d-genigligine sahip bir dizi elemenanin iki yénli NDI olup asagidaki gibi ifade edilebilir:



sin(” d sin 0)
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Mevcut yéntemlerden en dusiik gergeklestirim maliyetine sahip olan klasik yapay dizi yaklasiminda,
goéruntileme uzayindan veri toplama islemi, bir veya az sayida aktif kanalin dizi elemanlarina
cogullama ile baglanip ardasik veri toplama adimlariyla gergeklestiriimekte ve ardindan yapay
sentezleme yoluyla sanki bltin veriler tek adimda toplanmis gibi demetleme yapilmaktadir. Yapay
dizi yéntemine karsilik gelen saginim, (1) numaral ifadede génderme ve alma indexleri ayni
yapilarak asagidaki bigimde ifade edilebilir:

~2am, jwz(’_u," )

N
hess(r,0) = a, xb, e2 xe ‘¢ Jcos?g, (®)
n=1

n

Gonderme ve almada d-aralikli N elamandan olusan tekdlze bir boyutlu dizi igin (an=b,=1), yapay
dizi yonteminin uzak-alan strekli-dalga islevi asagidaki gibi ifade edilebilir:

sm( Ndsin@
A

x h(0)
)

hCSA (9) S A N,
sin(%r dsinf

Bir boyutlu dizi evreli dizi ve yapay agiklik yéntemlerinin NDi’lerinin elde edilmesinde izlenen yol
kullanilarak iki boyutlu dizi kullanan kontrol (evreli dizi ve yapay agiklik) ve 6nerilen yéntemlerin
NDI'leri g¢ikarilmistir. Burada esas alinan ilke sudur: uzak-alan ve sirekli dalga yaklastirmalari
kullanildiginda iki boyutlu bir diziden yayilan dalgalarin girisim sonucu olusturdugu uzaydaki dagilim
(NDI), dizinin agiklik islevinin iki boyutlu Fourier déniisimi olarak ifade edilebilmektedir. iki boyutlu
dizi kullanan mevcut kontrol yéntemlerinin (evreli dizi ve yapay aciklik) iki yénli NDI'i sirasiyla
asagidaki gibidir:

e (155 (052

_ [ sin (ZaN) sin(28N) sin (ZaN) sin(2 6N
Hew (a,ﬁ)—[ sm(Za) sin(23) j ( sm(Za) sin(28) j )

Burada a=(md/A)sin® ve B=(md/A)sing, A: dalga boyu, d: elemanlar arasi uzaklik ve (8,p) dizi
duseyinden oélgulen birbirine dik yanal agi degiskenleridir. Bu ifadeler, gésterim sadeligi igin bir dizi
elemanin iki yonli (génderis ve alig) NDI olan

sin(ﬁd sin 6’] sin(zz-d sin ¢)j
A ) (12)
— 2 xcosf x| —=———Lxcos @

he(0,0)= <
—sin 8 —sin ¢
A A

terimi ile normalize edilmistir.

2. Gereg ve Yoéntemler

Kanal igi gorUntlilemeye 6zgl olarak probun kigiuk olmasi nedeniyle o©n-elektronik
donanimin olabildigince basit ve dis kablo baglantisinin olabildiince az olmasi gerekmeketdir.
Kanali i¢gi uygulamalarin kosullari dikkate alinarak tasarlanan prob mimarileri Sekil-1’de
gosterilmistir [5-6]. Burada probun eni 5mm olup 1cm’lik bir endoskopik kanalda kullanilabilecektir.
Entegre devre teknigi ile gerceklestiriimis 6n elektronik prob Uzerinde bulunacaktir. Veriler az
sayida kablo ile dis tniteye aktarilip, burada gérinti olusturulacaktir. S6zkonusu prob mimarisi igin
gerceklestirilebilir bir 6n elektronik yapisi ayni anda kullanilacak dizi elemani sayisinin olabildigince
kicuk tutulmasini gerektirirken goéruntu kalitesi agisindan ise bu sayinin olabildigince buyuk
secilmesi gerekmektedir [7-8].

On-elektronik donanimini basitlestirme igin, bu projede fazlalik mekansal frekanslari azaltiimis iki
boyutlu dizi ve yelpaze-demetleme yaklagimlari énerilmistir[9-10]. Onerilen yéntemlerin NDI'leri
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c) One bakan prob. d) One-yana bakan prob.

Sekil -1: Kanal i¢i 3B gérunttleme prob mimarileri.

evreli dizi ve yapay aciklik yéntemlerinin NDI'lerinin elde edilisine benzer sekilde (1) numarali
denklem kullanilarak ve verici ve alici dizilerin aktif (kullanilan) elemanlari dikkate alinarak elde
edilmistir. Asagida verilen bu NDI’leri de bir dizi elemanin (12) numarali denklemde belirtilen NDI ile
normalize edilmistir.

1) X-Gonderici ve Tam Alici (X-Transmit and Full-Receive: XT-FR)

XT-FR dizi yapisinda, génderme dizisi ¢arpi seklinde ve alma dizisi tim elemanlar kullanilacak
sekildedir.

Esdeger dizi

X-Génderen ve Tam-Alan (XT-FR) '

Sekil -2: XT-FR Dizi yapisi

_ sin((a—,B)N)+sin((a+,8)N) “ sin(aN)Xsin(ﬂN)
H”-m(a’ﬂ)—( sin(a - f) sin(a + 4) j (sin(a) sin(ﬂ)j )

II) X-Gonderici ve Arti Alici ( X-Transmit and Plus-Receive XT-PR)

XT-PR dizi yapisinda, génderme dizisi ¢carpi seklinde ve alma dizisi arti seklindedir.

X-Génderen ve Arti-Alan (XT-PR)




Sekil -3: XT-PR Dizi yapisi

sin (e - ﬁ)N)+ sin((e + B)N) N sin(ozN)coS o)+ sin(,HN)coS
sin(a - B) sin(a + ) ) ( sin(a) (=) sin(8) ('B)) )

111) X-Génderici ve Cergeve Alici ( X-Transmit and Boundary-Receive XT-BR)

H o pg (a,ﬂ)=[

XT-BR dizi yapisinda, génderme dizisi ¢arpi seklinde ve alma dizisi kare-gercevesi seklindedir.

Esdeger dizi

X-Génderen ve Cergeve-Alan (XT-BR)

Sekil -4: XT-BR Dizi yapisi

sin(a - ) sin(a + f) sin (@) sin(8)

IV) iki Sinir Satir Génderici ve ki Sinir Sttun Alici (Boundary-Rows-Transmit and Boundary
Columns-Receive, 2RT-2CR)

o (@)= (Si“((“ -2l sl L)), [Sin(aN)cos(ﬂN)+ Si“<ﬂN>cos(aN)] (15)

2RT-2CR dizi yapisinda ise génderme dizisi en kenar iki satir ve alma dizisi en kenar iki kolon
seklindedir. Bu dizi yalnizca gerekli mekansal frekanslari Greten ve hi¢ bir fazlalik (redundant)
frekans tretmeyen bir kék dizi yapisidir.

Esdeger dizi

Sekil -5: 2RT-2CR Dizi yapisi

H er _sex (@, B)= (Sis?n((z;v)) cos (BN )) x (Si?n('(%) cos (aN )J (16)

Basta da belirtildigi Gzere bu NDI bagintilari, uzak-alan ve sirekli dalga yaklastirmalarina
(varsayimlarina) dayanmaktadir. Pratikteki yakin alan ve/veya darbeli dalga kullanildiginda bu
bagintilara benzer basitlikte matematiksel ifadelerin cikarilmasi karsilasilan integrallerin acik
¢oztmlerinin olmamasi nedeniyle olanaksiz olup numerik ¢6zim yolu kullaniimaktadir.

Fazlalik Mekansal Frekanslari Azaltiimig iki Boyutlu Dizi Yapilari

Aktif kanal sayisini azaltmak igin fazlalik (redundant) génderme-alma elaman ikilileri azaltirken
gerekli olan (non-redundant) génderme-alma elaman ikilileri korunmaktadir. Bu islem, rastgele degil
tekdlze bir esdeder dizi aciklik islevi olusturmaya yonelik olarak belirlilik yaklagimina (deterministik)
dayal yapiimaktadir[11]. Bu yaklagima dayali olarak fazlalik mekansal frekanslari azaltiimis ¢ok
farkh dizi yapilari olusturmak olanaklidir. Bu yapilar, kuguk diziler (6rnegin NxN=16x16) igin gercek
zamanda goruntiilemeye olanak vermekle beraber buytk diziler icin (6rnedin NxN=32x32 ve




NxN=64x64) gercek zamanda goéruntileme icin uygun degildir. Bu sinirlamayi ¢ézmeye yoénelik
olarak onerilen yeni yaklasimda, gérunti uzayinin taranma zamanini kisaltmak ve bdylece
goruntileme hizini artirmak amaciyla, gérintii uzayinin géndermede yelpaze-demet (fan-beam)
kullanilarak taranmasi &nerilmistir. Bu yaklasim, gérintuleme hizini, dizi boyutunun karekoki ile
orantill hale getirerek blytk dizilerle gergcek zamanda goéruntilemeye olanak vermektedir.
Dolayisiyla yelpaze-demetle tarama yaklasimi fazlalik mekansal frekanslari azaltiimis dizi yapilarini
blylk dizilerle goriintilemeye uygun hale getirmektedir. Buna ek olarak, yelpaze-demet yaklasim
esas alinarak, fazlallk mekansal frekanslari tamamen ayiklanmis yeni bir 6zgin dizi yapisi
dustnulmastir. Fazlalik mekansal frekanslari azaltiimis iki dizi yapisi, fazlalik mekansal frekanslari
tamamen ayiklanmis yeni dizi yapisi ve bunlarin esdeger dizileri yukarida verilmistir.

Yelpaze-Demetleme ile Ug Boyutlu Tarama

Yelpaze-demet yaklasiminda, her isaret génderme adiminda iki boyutlu dizi Gzerinde bir boyutlu
aktif bir dizi kullaniimakta ve olusturulan demet bir duzlem Uzerine yayilmaktadir. Dider bir degisle
yelpaze-demet olarak adlandirilan demetin genisligi bir yénde dar diger yénde ise genistir. Ornek bir
yelpaze demet grafigi Sekil-6'de verilmistir. Alis modunda ise yansi isaretleri segilen aktif alici dizi
elemanlari tarafindan toplanmaktadir. Yansi isaretleri dizlem Uzerindeki yansiticilardan
geldiginden, alis demetlemesi ile bu
dizlem taranmaktadir. Boylece bir isaret
gonderme-alma adiminda bir dizlem
taranmaktadir. Yelpaze-demet
yaklasiminin uygulanabilmesi igin her
isaret génderme isleminde yalnizca bir
dogrusal (bir boyutlu) dizi kullanilabilir.
Gorunttuleme isleminin  dogrusal olma
6zelligi nedeniyle, birden fazla génderme- \ )
alma iglemiyle elde edilen gérintu g 2
degerleri evreli olarak toplandiinda farki AL s s =
adimlarda kullanilan dizilerin toplamina &= @~ P s -k
esdeger bir cozunurltk elde edilir. Sekil-6: XT-PR dizi mimarisi ve yelpaze-demet yaklagimi.
Yelpaze-demet ile XT-PR, XT-BR ve 2RT-
2CR dizi yapilar kullanilarak G¢ boyutlu
tarama sirasiyla Sekil-6,7 ve 8'de sematik
olarak gosterilmistir[12-17].

NxN elemanli iki boyutlu bir dizi
kullanilarak klasik evreli dizi yéntemi ile
géruntilemede, 90° ‘lik bir hacimsel uzayi
taramak icin en az (\/2xN)2 adet tarama
demeti (isaret génderme-alma adimi)
yapmak gerekir. X-yapisinda génderme
dizisi kullanildiginda isaret génderme
sayisi 2xV2xN'ye indirgenmektedir. Diger
bir degisle yelpaze-demet yaklagimi isaret
génderme sayisini O(Nz) den O(kN)e
indirmektedir (k: dogrusal bir boyutlu
génderme dizi sayisi). Buna Kkarsilik
yelpaze-demet yaklasiminin  doku-dizi
hareketlerinden  kaynaklanacak  evre
bozukluklarina hassasiyeti k ile dogru
orantili olarak artmaktadir.

Yelpaze-demet tarama ile kullaniimasi
onerilen dizi yapilari ve klasik evreli dizi
yontemlerinin  teorik  NDFP'lerin  elde
edilmesinde uzak-alan ve surekli dalga

yaklastirmalari (far-field, paraxial M$eki| -8: 2RT-2CR dizi 'rﬁir'harivs‘i ve yelbéze—demet"yakla§|m|.
approxiamtions) esas alinmistir. Bu

yaklasik teorik ifadeler ve grafikleri dizi

tasarimlarinda genel bir Kkarsilastirma

yapmak igin kullaniimistir (Sekil 9-12).

P i
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SNR ve Maliyet Bagintilari
Dizisel yontemlerin goéruntd SNR'1 (gurtltu-isaret-orani) parallel aktif verici kanal sayisi ile ve alici

eleman sayisinin karakékt ile orantihdir: Bir elemanin (kanalin) SNR faktorl ile normalize edilmis
SNR bagintisi

SNR =Ny x4/ Ngy (17)

Bu ifade bir elemanin (kanalin) SNR faktort ile normalize edilmis olup her kanaldan alinan isaretin

Tablo-1
Yéntemlerin Karsilastiriimasi (Parametrik)
GPA CSA XT-FR XT-PR XT-BR BRT-BCR
Verici Eleman Sayisi NxN NxN 2N 2N 2N 2N
Alict Eleman Sayist NxN NxN NxN 4N 4N 2N
Aktif Verici Eleman Sayis1 NxN 1 N N N N
Aktif Alic1 Eleman Sayi1si NxN 1 NxN 4N 4N 2N
Goriinti Bagina Verici Demet Sayist 2N? - 2N 2N 2N 2N
Demet Bagina Isaret Gonderme Sayisi 1 - 2 2 2 2
Gorinti Bagina Isaret Gonderme Sayisi 2N? N? 242N 22N 242N 242N
c 1 1 1 1 1 1

Saniyedeki Goriintii S X — —

Arpere MEImESaS [ ZRJ G N? 22N 22N 22N 22N
Goriintii SNR Bagntist N? N J2N? 22NY? 22N 2N
Harekete Duyarlilik 1 N? 242N 242N 242N 22N

gurtltusu istatiksel olarak bagimsiz ve eklemeli (uncorrelated additive noise) olmasi modeline
dayalidir. Ornegin, N-elemanli evreli dizi ve yapay agiklik yontemlerinin SNR degerleri NYN ve YN
ile orantilidir. Bu model, vericiden génderilen isaretlerin giicinun guriltd duzeyine gére ¢ok yuksek
olmasi ve alici devrelerindeki gurultinin birbirleriyle ilintisiz olmasi nedeniyle ¢ok gergekgi bir
modeldir. Onerilen yéntemlerin SNR ifadeleri (17) numarali denklemden harektle SNR = (Aktif
Verici Eleman Sayisi) xv (Demet Basina isaret Génderme Sayisi) x¥ (Aktif Alici Eleman Sayisi)
bagintisi ile elde edilmis ve Tablo-1'de verilmistir.

Dizisel goruntileme yontemlerin maliyeti temel olarak demetleme isleminin karmasikiig: ile
dolayisiyla dizi 6nu elektronik gereksinim ile olgllmektedir. Dizi 6énu elektronik esasen isaret
gonderme ve alma igin gerekli parallel ¢alisan surlcl, alici, zamanlayici, ve sayisallagtirici
devrelerin butunudur. Dolayisyla, yontemlerin sistem gergeklestiim maliyetleri dogrudan aktif
paralell verici-alici eleman sayisi ile orantilidir ve géreceli karsiastirma bu sayilarla yapilabilir.
Ornegin, N-elemanli evreli dizi ve yapay agiklik yéntemlerinin sistem maliyetleri sirasiyla parallel
aktif eleman sayilari olan N ve “1” ile orantiidir (O(N) ve O(1) olarak da gosterilmektedir).
Yontemlerin maliyet karsilastirmasi icin aktif eleman sayilar verici ve alici diziler igin ayr ayri
olmak tizere Tablo-1'de verilmistir.

Yontemlerin NDP'lerinin, iki boyutlu dagilim ve bir boyutlu grafik olarak gorsellestiriimesi icin denklem
numarasi 10-16 arasindaki denklemler sayisal olarak Matlab ortaminda hesaplanmis ve
goruntulenmis/gizdirilmistir. Bunlar Sekil-9-13'de verilmistir.
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Sekil-9: Yéntemlerin NxN=32x32 ve d=A/2 igin NDi'lerinin iki boyutlu kesit grafikleri.
Dikey ve yatay eksenler sirasiyla -1<sin(8)<+1 ve -1<sin(¢)<+1. Parlaklik NDi genligi olup
beyaz 0dB ve siyah -60dB’ye karsilik gelmektedir
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Sekil-10: Yontemlerin NxN=32x32 ve d=1/2 ND/'lerinin bir boyutlu (yatay eksen) kesit
grafikleri.
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Sekil-11: Yéntemlerin NxN=64x64 ve d=A/2 igin NDI'lerinin iki boyutlu kesit grafikleri.

Dikey ve yatay eksenler sirasiyla -1<sin(0)<+1 ve -1<sin(¢)<+1. Parlaklik NDIi genligi olup
beyaz 0dB ve siyah -60dB’ye karsilik gelmektedir
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Sekil-12: Yoéntemlerin NxN=64x64ve d=A/2 NDI'lerinin bir boyutlu (yatay eksen) kesit
grafikleri.

3. Bulgular

Proje kapsaminda vyapilmasi éngérilen NxN=32x32 ve NxN=60x60 boyutlarindaki dizi
mimarileri igin benzetim galismalari tamamlanmis olup farkh uzakhktaki (2D, 4D, 6D)
noktasal yansiticilar igin iki boyutlu (2B) kesit noktasal dagilim islevi (NDi) sonuglar elde
edilmistir. Sonuglar daha énceki raporlarda sunulmus olup burada 4D uzakliktaki noktasal
yansiticl igin elde edilen benzetim sonuglar verilmistir ($ekil: 13-17). Buradaki her gorintu
bir kiiresel ylizey (-1<sin(0)<+1 ve -1<sin(p)<+1) Uzerindeki NDi'ni géstermektedir. Bu
nedenle sonuglar beklenildidi gibi derinlikten bagimsiz gériinmektedir. Bunun nicel olarak
dogrulanmasi igin yapilan dlgim sonuglar her ¢ derinlikte de ayni dlgimleri vermistir.
Nicel sonuglar beklenildigi gibi NDi'nin Fourier uzayinda (-1<sin(@)<+1 ve -1<sin(@)<+1)
derinlikten bagimsiz oldugunu teyid etmektedir. Genel sonug olarak, farklh derinlikteki
benzetim sonuglari, Sekil1-4’de verilen uzak alan hesaplama sonuglari ile uyumiudur.




BRI-BCR

Sekil-13: Yoéntemlere iliskin NxN=32x32 ve 4D uzakliktaki noktasal yansiticilar igin
benzetim sonucu elde edilmis NDi'lerin iki boyutlu kesit grafikleri. Dikey ve yatay eksenler
siraslyla -1<sin(9)<+1 ve -1<sin(p)<+1. Parlaklik NDi genligi olup beyaz 0dB ve siyah -
50dB'’ye karsilik gelmektedir.



BRT-BCR

Sekil-14: Yontemlere iliskin NxN=32x32 ve 4D uzakliktaki noktasal yansiticilar igin
benzetim sonucu elde edilmis NDI'lerin iki boyutlu kesit grafikleri. Dikey ve yatay eksenler
siraslyla (4D-81)<R<(4D+8\) ve -1<sin(0)<+1. Parlaklik NDI genligi olup beyaz 0dB ve
siyah -50dB'ye karsilik gelmektedir.



BRI-BCR

Sekil-15: Yoéntemlere iliskin NxN=60x60 ve 4D uzakliktaki noktasal yansiticilar igin
benzetim sonucu elde edilmis NDi’lerin iki boyutlu kesit grafikleri. Dikey ve vyatay
eksenler sirasiyla -1<sin(f)<+1  ve -1<sin(@)<+1. Parlaklik NDIi genligi olup beyaz
0dB ve siyah -50dB’ye karsilik gelmektedir.




BRT-BCR

Sekil-16: Yontemlere iliskin NxN=60x60 ve 4D uzakliktaki noktasal yansiticilar igin
benzetim sonucu elde edilmis NDi'lerin iki boyutlu kesit grafikleri. Dikey ve yatay eksenler
siraslyla (4D-81)<R<(4D+8L) ve -1<sin(0)<+1. Parlaklik NDI genligi olup beyaz 0dB ve
siyah -50dB’ye karsilik gelmektedir.
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Sekil-17: Farkli buytkltkteki diziler (NxN=32x32,NxN=60x60) ve 4D uzakliktaki noktasal
yansitici igin benzetim sonucu elde edilmis NDI'lerin tek boyutlu grafikleri.

Elde edilen benzetim sonuglari kullanilarak yéntemlerin géruntu kaliteleri test
edilmistir. NDi sonuglarinda gériilecegi izere CPA yénteminde yanlob seviyesi en diigik
iken CSA yoénteminde ise analob genisligi dar fakat yan ve yalanci lob seviyeleri yliksektir.
Bu sonug teorik NDI ifadeleri ile tutarlidir. CPA ve XT-FR yéntemlerinde ana lob genisligi
ve yanlob seviyelerinin yaklasik olarak ayni olduklar gériilmektedir. Genel olarak XT-FR
yontemi CPA ydntemine en yakin sonucu vermektedir. XT-BR ydnteminde ise analob
genisligi XT-FR ydntemine gére daha dar iken yanlob seviyesi daha yiksektir. XT-BR
yénteminin analob genisligi XT-PR yontemine gére daha dar, BRT-BCR ydntemiyle ayni
seviyede olup yan lob seviyesi bakiminda bu iki yonteme gére daha iyi performansa
sahiptir. Yontemlerin teorik verimlilik ve maliyet rakamlari (Tablo-3, Tablo-4) benzetimlerle
sinanan gorinti ¢dzindrlikleri (Tablo-2) ile birlikte ele alindiginda: Gézunurlik siralamasi
CPA > XT-FR > XT-BR > XT-PR > BRT-BCR > CSA olarak siralanirken maliyet verimliligi
bakimindan CSA > BRT-BCR > XT-BR = XT-PR > XT-FR olarak siralanmaktir. XT-FR
yontemi hem gériintli kalitesi hem de maliyet bakimindan cazip gériinmektedir. Ote
andan, BRT-BCR y&ntemi maliyeti daha dusik ikinci bir segenek olarak gérinmektedir.



Tablo-2

Yoéntemlerin NDi Demet Genisliklerinin (Cézunirliik) Karsilastiriimasi (R=4D)

(Benzetim Sonuclarindan Olciilen)

NxN=32x32 NxN=60x60
6dB 40dB 50dB 6dB 40dB 50dB
GPA 1.6° 37° 63° 0.88° 35° 60°
CSA 1.18° 85° 87° 0.56° 83° 86°
XT-PR 1.9° 61° 74° 1.01° 51° 69°
XT-FR 1.69° 54° 73° 0.89° 35° 63°
XT-BR 1.37° 58° 73" 0.71° 42° 63°
BRT-BCR 1.15° 62° 75° 0.57° 45° 65°
Tablo-3
Yéntemlerin Teorik Karsilastiriimasi (NxN=32x32)
GPA CSA XT-FR XT-PR XT-BR  BRT-BCR
Verici Eleman Sayisi 1024 1024 64 64 64 64
Alici Eleman Sayisi 1024 1024 1024 128 128 64
Aktif Gonderici Eleman Sayisi 1024 1 32 32 32 32
Aktif Alici Eleman Sayisi 1024 1 1024 128 128 64
Goruintti Bagina Gonderici Demet Sayisi 2048 - 45 45 45 45
Demet Bagina Isaret Génderme Sayisi 1 - 2 2 2 2
Gériintii Bagina Igaret Génderme Sayisi 2048 1024 90 90 90 90
Saniyedeki Gorlintii Sayisi 12 25 285 285 285 285
Gorunti SNR Bagintisi 90 30 63 54 54 51
Harekete Duyarlilik 1 1024 90 90 90 90
Tablo-4
Yéntemlerin Teorik Karsilastiriimasi (NxN=64x64)
GPA CSA XT-FR XT-PR XT-BR  BRT-BCR
Verici Eleman Sayisi 4096 4096 128 128 128 128
Alici Eleman Sayisi 4096 4096 4096 256 256 128
Aktif Gonderici Eleman Sayisi 4096 1 64 64 64 64
Aktif Alici Eleman Sayisi 4096 1 4096 256 256 128
Goruntt Bagina Gonderici Demet Sayisi 8192 - 90 90 90 90
Demet Basina Isaret Génderme Sayisi 1 - 2 2 2 2
Gériintii Basina isaret Génderme Sayisi 8192 4096 180 180 180 180
Saniyedeki Gorlinti Sayisi 3 6 142 142 142 142
Goriunti SNR Bagntisi 108 36 75 63 63 60
Harekete Duyarlilik 1 4096 180 180 180 180

Sistem Parametrelerinin Segilmesi

Yontemlerin sistem parametrelerinin segilmesi amaciyla 16x16 elamanli prototip bir dizi
mimarisi kabul edilmistir (bkz Tablo-5 ve Sekil-18) . Kullanilacak atesleme isaretinin
merkez frekansi 5MHz, oransal band genisligi %100 olarak belirlenmistir. Diger bir
degisle, transduserden génderilen darbe isareti 2.5-7.5MHz arasinda banda sahip ve
dolayisyla bu bant icindeki dalga boylari 200-600um arasindadir. Ug boyutlu bir gériinti
olusturmak igin gerekli tarama sayisi her iki yéndeki agi sayilarinin ¢arpimiyla bulunur. Bir
yondeki agi sayisi ise:

B, = 2xsin(0.5x Gériintd Agisi)/(Minimum Agi Araligi)

olarak ifade edilir ve NxN= 16x16 elemanli dizi ve 90° gérintileme agisi igin

o

B, > sin % x (16 +16—1)> 22 'dir.

Buradan, toplam tarama agi sayisi, Bx ><By > 484 olarak hesaplanir. Bu hesaplama

merkez frekans baz alinarak yapilmistir. Bant genisligi %100 oldugundan atesleme
isaretindeki maximum frekans bilesenine karsilik gelen dalgaboyunun etkisinden dolay!
mekansal érnekleme sayisi 1.5xB,=32 olacaktir. Bu nedenle 32x32 =1024 tarama agisi
secilmistir. Her tarama agisindan alinacak 6rnek sayisi gériintl derinliginin iki érnek



arasindaki mesafeye bélinmesiyle bulunur. iki 6rnek arasindaki mesafeyi dalgaboyunun
en az 1/4 kati olarak se¢gmek gerekir; bu durumda 30mm gérintu derinli@i igin, gerekli
ornek sayisi yaklasik 512 olarak alinabilir. Gérintileme hizi genelde saniyede 30
goruntadur, ancak kanal igi uygulamalar igin doku haraketleri ¢ok az olacagindan
saniyede bir kag gorunti hizi yeterli olabilecektir. Bu segilen mimari daha bulyuk dizi
yapilarina 6lgeklenebilir: tek degistirimesi gereken tarama agi sayisi olup bu da yaklasik
(1+FBW/2)x2xN2 olarak belirlenebilir. Burada dikkat edilmesi gereken husus, bu agi
sayisi CPA igin olup, dnerilen ydntemler igin Tablo-1'de verilen génderme demet ve isaret
sayilari esastir ve 6ngéruldigu gibi N? yerine N ile orantilidir.

Tablo-5
Goruntlleme Sistemi Parametreleri
Endoskop Genisligi 2.5 mm
Transduser Dizisi 16x16
Tranduser Frekansi 5 MHz, 100% FBW
Transduser Eleman Genisligi 150 pm (M2 @ 5 MHz)
Gorlntuleme Derinligi 30 mm
Gériintiileme Genisiligi 90°
Derinlik Yoniindeki Nokta Araligi Ao/4=60 pm
Derinlik Yonundeki Nokta Sayisi 512
Hacimsel Gérunti Sayisi /s 30

Dizi
NxN = 16x16, d = 150um
fo= 5MHz, BW = 100%

Tarama Aci Sayisi
/ 32x32=1024

Sekil-18: Gorlintlileme sistemi parametrelerinin
sematik gésterimi.



Dizi-Onii Donanim Mimarileri

Ultrasonik goériuntlilemede, énceki dénemlerdeki analog sistemlerin yerini son on-onbes
yildir sayisal sistemler almaya baslamistir. Bu dogrultuda burada sistemlerin sayisal
olarak gerceklestirimi ele alinacaktir[19]. Yéntemlerin donanim gerceklenmesi ¢ok cesitli
bicimlerde olabilir. Bu nedenle burada donanim mimarisi islevsel yapi bloklari diizeyinde
ele alinmistir.

ilk olarak mevcut klasik iki goriintileme yéntemi olan CPA ve CSA {zerine kurulu
sistemlerin islevsel sayisal donanim yapilari Sekil-19'deki gibi bigimlendirilmigtir. CPA
yénteminde, dizi eleman sayisi kadar parallel gonderme ve alma kanal elektronigi
gerekmektedir. Buradaki génderme zaman gecikmeleri her bakilan a¢i i¢in sabittir; alis
demetlemesi igin gereken zaman gecikmeleri ise bakilan tarama agisi Gzerindeki her
goruntl noktasi igin farkhdir. Génderme ve almada surict (TXD) ve alici anfi devreleri
(LNA) genelde transduser dizisine entegre olarak veya prob iginde gergeklenir. Alista,
derinlikle artan kuvvetlendirme (TGC) ve bant-gegiren filtreleme (BPF) islemlerinin
ardindan sayisallastirma ve tamponlarda saklanma islemleri yapilir. Sayisal veriler gerekli
gecikmelerle toplanarak gorintl degerleri olusturulur. Bu sonuglar, zarf c¢ikarma,
logaritmik sikistirma igslemlerinin ardindan ekrana verilir. CPA yaklasiminda, goérintl uzayi
acisal olarak tarandigindan polar koordinatlarda elde edilen degerlerin raster
koordinatlara doénustirtimesi gerekir. Bu islem ¢ boyutlu gésterim (surface/volume
rendering) ile birlesik olarak daha verimli gergeklenebilir. Genelde bu iki islem Uzerinde
calisiimis hesaplama konulari oldugundan, bu iglemler hazir ticari donanim ve yazilm
artnleri ile gergeklenebilir. CPA sistemlerin 6n-elektronik maliyetini artiran en etkin faktor
¢cok sayida sayisallastirici (analog-to-digital-conversion:ADC) gerekmesidir. Bu nedenle,
alt kanal gruplarinin analog timlesik devrelerle islenerek alinan isaret sayisini azaltip
sonra sayisallastirma yapilmasi alternatif bir yaklasimdir. Bu yaklasimdaki baslica zorluk
ise gerekli hassasiyette analog devrelerin tasarim ve gergeklestirimidir. CSA sisteminin 6n
donanim yapisi oldukga basit olup bu nedenle de en disik maliyetli sistem olarak kabiil
edilir. Bu sistemde bir aktif kanal ve anahtarlama kullanilarak, veriler dizi elemanlarindan
zamana yayilarak (ard arda isaret génderme ve alma adimlariyla) toplanir. Veri toplama
islemi ile birlikte veya ardindan veriler sayisal olarak sanki butiin dizi elemanlari ayni anda
birlikte galisiyormus gibi (yapay) demetleme islemi yapilir. Gérlintll uzay! dogrudan xyz-
formatinda érneklenebilir[22].

Onerilen dizi yapilarinin (XT-FR, XT-PR, XT-BR ve BRT-BCR) iglevsel én-donanim
mimarileri bu iki yapiya benzer olarak olusturulmustur. Secilen goériintileme ydntemleri
icin tasarlanan én-donanim mimarileri Sekil-19’de verilmistir.

Benzetim ve dizi-6nli donanim mimarisi ¢alismalarinda gérulmustur ki géruntt kalitesi ve
donanim maliyeti bakimindan en uygun yapinin XT-FR (X gdnderen, tam alan) yéntemi
oldugu goéralmustur. Bu nedenle XT-FR yoéntemine iligkin iki ayri tasarim dustntlmus ve
bunlarin kendi aralarinda karsilastinimistir. Dustnulen yapilar XT-FR-NC(X génderen tam
alan ortak elemanlar hari¢) ve FT-XR-NC (Tam gdénderen X alan ortak elemanlar harig)
yontemleridir. Bu ydntemlere iliskin én-dizi mimarileri sekil-20’da verilmistir.

Karsilastirma tablosundan da géruldugiu gibi gérantl kalitesi ve harekete duyarlilik
bakimindan FT-XR yéntemi, donanim karmasikliginin azalmasi bakimindan ise ortak
elemanlarin kullaniimadidi FT-XR-NC yéntemi gergek zamanli 3 boyutlu gérintileme igin
en uygun segimdir.

Secilen ydntemin verici donanim yapisinin olusturulmasi amaciyla verici dizi elemani
gecikme zamanlari hesaplanmis ve bunu depolayacak bellek boyutlari belirlenmistir.
Entegre devre Uzerinde yer alacak giris/gikis baglantilari sekil 21'de verilmistir.



CPA ’ CSA

CMUT Dizi

CMUT Dizi

256 X1 MUX
T/R Anahtariama
T/R Anahtarlama

Atesleme
Sinyali

Tampon

Atesleme
Sinyali

layici
Kismi
Demet Demet
Demet Toplami 4——{ Toplayici ] Toplami Toplami

XT-PR XT-FR

CMUT Dizisi

C

1 2 3
(7] [(7e] B8] - (78
ES|ESER

©
~

2 3
] [

Atesleme i_ Atesleme 1
sinyali Sinyali .
TAMPON TAMPON
[ TOPLAYICI [ TOPLAYICI
KISMi DEMET TOPLAMA I KISMi DEMET TOPLAMA '
DEMET TOPLAMA DEMET TOPLAMA

Sekil-19: incelenen gériintileme sistemleri igin iglevsel donanim mimarileri.
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Sekil-20: XT-FR-NC ve FR-XT-NC gériintuleme sistemleri igin islevsel donanim mimarileri.

Tablo-6
XT-FR-NC ve FR-XT-NC yapllari Karsgilastirma Tablosu

Kontrol Tx & Rx

CPA CSA XT-FR-NC FT-XR-NC
Verici Eleman Sayisi 16x16 16x16 2x16 14x16
Alici Eleman Sayisi 16x16 16x16 14x16 2x16
Aktif Verici Kanal Sayisi 16x16 1 2x16 14x16
Aktif Alici Kanal Sayisi 16x16 1 4x4 4x4
Gorintl Bagina Gonderici Demet sayisi 32x32 - 32x32 32x32
Demet Basina Isaret Gonderme sayisi 1 256 16 2
Gorunti Bagina Isaret Gonderme sayisi 1,024 256 16,384 2,048
Saniyedeki Goruntl Sayisi 25 100 1.6 12
Gorunti SNR Bagintisi(dB) 72 24 53.6 62
Demet genisligi x(AF#)um 32 32 32 32
Uzak Yan Lob Seviyesi (dB) -96 -48 -77 -96
Harekete Duyarlilik 1 256 16 2
Tx Donanim Karmasikligi 0(256) O(1) 0(32) 0(224)
Tx Gecikmesi Bellek Boyutu - - 32KByte 224KByte

Rx Donanim Karmasikligi 0(256) O(1) 0(224) . 0(32)




_D_Nd_Ni
e c 2¢
_16x200um _
2 x1540m

Tmex 7% f, =1.04usx100MHz

=104 saat darbesi

Sekil-21: Maksimum gecikme zamani hesaplanmasi

Maksimum gecikme hesaplamasi sekil 21'de goérilmektedir. Burada saat frekansi
100MHz olarak segilmistir ve maksimum gecikme saat darbesi 104 olarak bulunmustur.
Bu nedenle tasarimda 128 olarak kullaniimistir. Her kanal igin gereken bellek miktari
(Maksimum gecikme saat darbesi x Tarama agi sayisi) 128 x 1024= 128Kbit yani 16
Kbyte/Kanal olarak hesaplanmistir. Gerekli bellek miktarini azaltmak amaciyla maksimum
gecikme saat darbe sayisi kodlanarak 7 bite indirilmistir. Boylece gerekli toplam bellek
miktari 1Kbyte’a dusmustir. Secilen FT-XR-NC yénteminde Tablo6’da goéruldugu gibi 224
verici kanal vardir. Dolayisiyla gerekli toplam bellek miktari 224Kbyte olarak belirlenmistir.
Yapilan bu donanim mimarisi ¢aligmalari chip tasariminda altyapi olarak kullaniimistir ve
bu tasarim Stanford Universitesi E. L. Ginzton Laboratuvari ultrasonik arastirma grubuyla
yayinlanmistir[23].

4. Sonug

Bu projede daha &nce kuguk boyutlu (NxN=16x16) dizilerle mimkun olabilen gergek
zamanh 3 boyutlu gérintilemeyi buylk boyutlu (NxN=32x32, NxN=64x64) dizilerle de
gercekleyebilmek igin yeni goérintileme sistemleri ve &6n-donanim mimarileri
tasarlanmistir. Bu projede ©6nerdigimiz yeni yaklasimda, gérintd uzayinin taranma
zamanini kisaltmak ve bdylece goéruntileme hizini artirmak amaciyla, gorunti uzayi,
géndermede yelpaze-demet (fan-beam) kullanilarak taranmaktadir. Bu yaklasim, fazlalik  *
mekansal frekanslari azaltiimig dizilerle yapilan gérinttlemenin hizini, dizi buydkltginin
karekokine indirgeyerek buyuk dizilerle gercek zamanda géruntilemeye olanak
vermektedir. Yaklasimin bu 6zelligi esas alinarak, fazlalik mekansal frekanslari tamamen
ayiklanmis yeni 6zgin dizi yapilan dustntlmts ve bu vyapilarin performanslari
karsilastirilarak bunlardan 3 boyutlu gériintilemeye en uygun olan yapi segilerek yelpaze-
demetleme yaklagimi ile kullaniimak tUzere donanim mimarisi tasarlanmistir. Secilen bu
yoéntemin proje basinda amagladigimiz gibi sistem maliyeti bakimindan bir boyutlu dizi
kullanan sistemlere yakin olup géruntuleme performansi 3 boyutlu kanal igi
goéruntulemeye uygun oldugu yapilan ¢alismalarla gosterilmistir. Tablo 6'da géruldugu gibi
secilen yontem 62dB SNR ve -96dB uzak yan lob seviyesi ile proje énerisinde bahsedilen
goruntt performansi basari Olgltlerini (40dB  SNR ve -40dB yan lob seviyesi)
saglamaktadir. Proje, Stanford Universitesi E. L. Ginzton Laboratuvar’'ndan Prof. Pierre
Khuri-Yakub'un ultrasonik arastirma grubuyla ortak g¢aligsma ile yapiimistir.
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Abstract—In real-time ultrasonic 3D imaging, in addition
to difficulties in fabricating and interconnecting 2D
transducer arrays with hundreds of elements, there are
also challenges in acquiring and processing data from a
large number of ultrasound channels. The coarray (spatial
convolution of the transmit and receive arrays) can be
used to find efficient array designs that capture all of the
spatial frequency content (a transmit-receive element
combination corresponds to a spatial frequency) with a
reduced number of active channels and firing events.
Eliminating the redundancies in the transmit-receive
element combinations and firing events reduces the overall
system complexity and improves the frame rate. Here we
explore four reduced redundancy 2D array configurations
for miniature 3D ultrasonic imaging systems. Our
approach is based on 1) coarray design with reduced
redundancy using different subsets of linear arrays
constituting the 2D transducer array, and 2) 3D scanning
using fan-beams (narrow in one dimension and broad in
the other dimension) generated by the transmit linear
arrays. We form the overall array response through
coherent summation of the individual responses of each
transmit-receive array pairs. We present theoretical and
simulated point spread functions of the array
configurations along with quantitative comparison in
terms of the front-end complexity and image quality.

Index Terms—Biomedical ultrasonics, ultrasonic imaging,
image reconstruction, phased arrays, bemaforming.

[. INTRODUCTION

Real-time 3D ultrasound imaging extends the frontiers of
traditional diagnostic ultrasound by providing a full view

of internal tissue structures along with flow information.
Volumetric ultrasound with miniature devices such as
endoscopes or intracavital probes provides unique

Manuscript received October 19, 2008. This work was supported in part
by the U.S. NIH under Grant 99059, TUBITAK of Turkey under Grant
106M333 and Isik University under Grant BAP-05B301.

M. Karaman is with the department of Electronics Engineering, Isik
University, Istanbul, Turkey (phone: +90 216 528-7125; fax: (+90 216 7121-
472; e-mail: karaman@isikun.edu.tr).

I. 0. Wygant, O. Oralkan, B. T. Khuri-Yakub are with the Ginzton
Laboratory, Stanford University, CA (e-mail: iwygant@stanford.edu,
ooralkan@stanford.edu, khuri-yakub@stanford.edu).

opportunities for guiding surgeries or minimally invasive
therapeutic procedures. The historical progress, the state-of-art
and clinical utility of 3D ultrasound imaging has been
extensively reviewed in [1-6]. Research studies on 3D
ultrasound imaging concentrate on transducer design, array
signal processing and image visualization. Volumetric imaging
systems employ 2D transducer arrays that consist of hundreds
of elements, and necessitate data acquisition probes with
integrated front-end electronics and reduced number of
electrical connections [2-4]. For real-time 3D imaging, in
addition to difficulties in fabricating and interconnecting 2D
transducer arrays [8,9], there are also challenges in acquiring
and processing data from a large number of ultrasound
channels [10,11]. Conventional phased array (CPA) imaging
utilizes all of the array elements in transmit and receive. It
provides the best possible image quality for a given array, and
hence is considered the gold-standard. For large arrays and
especially for 2D arrays that consist of thousands of elements,
CPA is difficult to implement in hardware because of the large
number of active elements. Moreover, large numbers of scan
lines in volumetric imaging result in reduced frame rates
and/or view angles due to the finite speed of sound. The real-
time imaging is constrained as:

[#of Frames j § (#ofFirings j § (2 x Image Depth J <1 (1)
Second Frame Speed of Sound )~

For example, a 64x64-element CPA system can produce a
single 90°, 15-cm deep pyramidal volume image in 1.6
seconds. To reduce the front-end complexity and improve data
acquisition speed, various array processing techniques based
on synthetic aperture [12-24], sparse arrays [25-30], parallel
beamforming [31-36], rectilinear scanning [29, 37-39], phased
subarray processing [40-42], coded excitation [43-46], micro
beamformers [7,47,48], configurable arrays [7,49], and
separate transmit and receive arrays [50-53] have been
proposed.

In classical synthetic aperture (CSA) imaging a single
active element is stepped across a large transducer array at
successive data acquisition steps by channel multiplexing. The
image is reconstructed through synthetic beamforming using
the collected A-scan data. CSA suffers from low SNR, poor
contrast resolution and artifacts due to tissue and transducer
motion. The SNR performance can be improved by
transmitting from multiple neighboring elements with
defocusing phases to form a powerful, virtual element
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[15,20,22]. To improve the contrast resolution, one can use a
small active receive subarray with a slight increase in the
front-end complexity [15,23]. Susceptibility of CSA imaging
to tissue and transducer motion can be reduced by various
motion estimation and compensation techniques [12,18,21]. In
3D CSA imaging, the large number of firing events (data
acquisition steps) limits the frame rate and efficiency of
motion compensation.

Sparse array processing is based on aperture
undersampling using periodic or random sampling, and has
been used widely to simplify the front-end by reducing the
active channel count. In general sparse array design aims to
achieve a desired beam pattern using a subset of array
elements through optimization techniques. Various recent
studies have demonstrated 2D sparse arrays for 3D imaging
[25-30]. Periodic sparse arrays suffer from grating lobe
artifacts, whereas random sparse arrays distribute the grating
lobe energy over the side lobes, resulting in increased average
side lobe levels. The sparse array design seems to be an
efficient solution if the contrast resolution requirement in a
particular application can be satisfied by the given active
element count. In addition to challenges in 2D sparse array
optimization to achieve an acceptable image quality with a
tolerable active channel count, there are also difficulties in
real-time volumetric scanning due to the large number of
firings.

Parallel beamforming has been proposed to meet real-time
frame rate requirements in volumetric imaging [31-36]. In this
approach, a transmit beam with a wide main lobe is produced
by using a subarray, and a number of parallel, narrow receive
beams spanning the main lobe of the transmit beam are formed
by using a large receive array. Alternatively, multiple
simultaneous narrow transmit beams at different angles can be
produced by using subarrays, or a periodically undersampled
array, or by firing superimposed steered beams from a large
array. As a result, the number of firings is scaled down by the
number of parallel beams at the expense of reduced beam
quality. Rectilinear scanning extends the principle of linear
scanning to 3D imaging. In rectilinear scanning, each linear
array (row or column) on a 2D array is used to form a plane
beam, and image lines on that plane are reconstructed by
parallel beamforming using a 2D receive array [24, 30-34].
Use of separate transmit and receive arrays in data acquisition
simplifies the front-end hardware complexity, and enables
synthesis of different transmit-receive array configurations.
Various recent studies have used this approach for volumetric
scanning with different array shapes [24, 30-34, 51-53].

The phased subarray approach combines the principles of
phased array and synthetic aperture imaging to reduce the
system complexity by decreasing the active channel count [40-
42]. Similar to CPA processing, the low-resolution subarray
images are generated by scanning the space with a small beam
count proportional to the subarray size. These low-resolution
images are laterally upsampled, interpolated, weighted, and
coherently summed to form the final high-resolution image.
For narrowband systems the subarray-dependent 1D
interpolation filters can perform well [40], whereas wideband
imaging requires 2D filters for beam interpolation [41,42].

For nearly any type of beamforming, coded excitation can
be used to boost the SNR and the penetration depth as well as
the frame rate [43-46]. To improve the frame rate, the basic
idea is to generate is non-interfering wavefronts in the image
space by firing uncorrelated coded signals from array
elements. Consequently, echo signals can be decoded for
simultaneous reconstruction of multiple scan lines. Generation
of efficient uncorrelated codes with reasonable lengths and
efficient decoding schemes to minimize the degradation in
axial resolution are major difficulties to utilize the promising
benefits of coded excitation approach for increasing frame
rate.

Integration of some of the electronics with the transducer
array enables miniaturization of the front-end and funneling
the electrical connections of a 2D array consisting of
thousands of elements into a reduced number of channels. This
allows realization of configurable arrays by using switching
matrix circuits and subarray micro-beamformers [7,47-49].
These approaches are very promising for 3D and portable 2D
imaging applications, where the miniaturization of the array
front-end is absolutely necessary. 3D state-of-the-art systems
based on the subarray micro-beamforming are already
available [2,4,5,6]. Such systems employing fully sampled
piezoelectric matrix arrays (consisting of nearly 3000
elements) and using only 128 channels of a standard scanner,
can generate narrow volume images in real time, or wider
volume images by time-gating (four to eight cardiac cycles)
[5,6]. More recently, research studies on CMUT-based
imaging systems have also demonstrated that front-end circuits
can be integrated with CMUT arrays using flip-chip bonding
techniques [9,49,54,55] and monolithic silicon processing [50-
52].

II. THE 2D ARRAY PROCESSING TECHNIQUES

A. Approach

The image quality of a pulse-echo array system can be
quantified by the coarray function (also called the effective
aperture) which corresponds to the convolution of the transmit,
and receive arrays [10,15,16,19,41,56]:

C(nx,ny)=AT(nx,ny)®AR(nX,ny), 2

here the indices n, and n, are the discrete variables
representing locations of 2D array elements (Fig. 1); A#(.),
Ag() and C(.) are the 2D transmit array, receive array and
coarray functions, respectively. The far-field, continuous wave
point spread function (PSF) of the array imaging system can be
approximated by the Fourier transform of the coarray:

H(a,f)=F{C(n.n,)}=F {4, (n.n, )} xF{a,(n.n,)}, 3)

(nx,ny)é(Za,Zﬁ); a :%sinﬁx; p :%sin 0,.
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Fig. 1. The physical array and coarray kernels, where each transmit and
receive element combination produces a coarray element.

Here A is the wavelength, d is the inter-element distance, and
6, and 6, respectively, are the angles in azimuth and elevation
directions (Fig. 2). Note that the Fourier transform relation is
between the discrete aperture space and the continuous image
space represented by the pairs of variables, (ny, n,) and (2¢,
2), respectively. Each combination of a transmit element and
a receive element produces a coarray element whose spatial
location corresponds to the sum of position vectors of the
transmit and receive elements (Fig. 1):

(nx,T’ny,T) + (nx,R’ny,R)

Transmit Element

(nx,C’ny,C ) =

Coarray Element

Receive Element . (4)

((nx,T RO )’(ny,]' +n, R ))

Coarray Element

Consequently, different combinations of transmit and receive
elements in the convolution operation may contribute to the
same coarray elements. Considering the Fourier relation
between the aperture and image spaces, each sample of the
coarray corresponds to a spatial frequency. The multiple
combinations contributing to the same coarray element
actually corresponds to the redundancy in the spatial
frequency. In array design, the idea is to form a coarray which
is minimally redundant in spatial frequency content; that is, a
coarray that captures all of the spatial frequency content with a
minimum number of transmit/receive element pairs (each
element of a non-redundant coarray involves only a single
transmit-receive element pair).

Volumetric scanning with 2D arrays requires excessive
number of scan lines (firings). In pulse-echo imaging using an
NxN element array (N>>1) with an inter-element spacing of d,

Fig. 2. The reference geometry used for the theoretical and simulated PSFs.

the number of firings (scan lines) to form a pyramidal
volumetric frame with an angle of (6,x6)) is given by

B . xB, Z(Wsin(eijx[wsin(ayj] )
’ A 2 A 2

Note that the beam count in each dimension must be scaled by
2 when one-way response is considered. To produce a 90°
volumetric frame using pulse-echo CPA imaging with d=A/2),
the minimum number of firings is (N2xN)x(\N2N). On the other
hand, the frame rate is inversely proportional to the array size
and/or the number of signal firing/receiving steps as indicated
by (1). In array processing, the firing count must also be kept
small enough to meet real-time imaging requirements. Our
approach to explore array processing for miniature volumetric
imaging systems is based on 1) coarray design with reduced
redundancy using different subsets of linear arrays constituting
the 2D transducer array, and 2) volumetric scanning using fan-
beams (narrow in one dimension and broad in the other
dimension) generated by the transmit linear arrays.

B. The 2D Array Configurations

Here we describe four array configurations involving
reduced or minimum spatial frequency redundancy. Each
design explores a different tradeoff between the image quality
and the front-end complexity. For comparison, we consider
CPA and CSA as the reference methods providing the best
image quality and the simplest front-end, respectively. Using
the continuous wave, paraxial and far-field approximations,
the two-way PSF of CPA with an NxN square array,
Hcpy(a, ), can be expressed by
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Fig. 3. Schematics of the transmit, receive and coarray functions for
different array configurations. Each bar in the array functions represents an
element’s amplitude. The amplitude of each array function (vertical
dimension) is normalized to unity. The transmit and receive arrays are
configured over a 16x16-element square array, and the resulting coarray size
is 31x31. The stepping the active element in CSA over the array in
successive firings is indicated by the arrows.

HCPA(a’ﬂ)OC( sin(a) Sin(ﬂ)

(e )

sin (aN ) N sin (/)’N)j
; (6)

where o=(7d/A)sin(6,), F=(md/\)sin(8,), and 6, and 6,
respectively, are the angles in azimuth and elevation directions
(Fig. 2) [31]. Similarly, PSF of the CSA is approximated by

He, (@, ) SiI:l (2aN) y si1.1 (2pN) 7
sin(2a) sin(23)

Note that the first and second terms in the PSF expressions

given above and in the following subsections, correspond to

the transmit and receive responses of the array, respectively.

All analytical PSF expressions are normalized by the two-way

response of a single array element given by

Fig. 4. Computed theoretical (far-field, continuous-wave) PSFs. Each PSF
represents a C-scan over a constant-p surface. The horizontal axis is (-
n/2<o<m/2 (equivalently -1<sin(65)<1) and (-1<sin(6y)<1 and the vertical
axis is -m/2<P<n/2 (equivalently -1<sin(6,)<1). The display dynamic range is
50 dB.

(e ) (Sinof“) y Si“ﬂ(ﬂ )j N (Sini“) N Sinﬂ(/” )j S ®

For the sake of simplicity in derivation, PSFs of array
configurations presented below are approximated assuming
that all or some of the elements used in transmit are also used
in receive. For the simplicity of the front-end circuit, if those
elements used for transmit can be excluded from the receive
array, then the degradation in the side-lobe response should be
insignificant since the ratio of the number the common
elements to the receive element count is very small. The
transmit, receive and coarray functions of the array
configurations considered here are illustrated in Fig. 3. We
also computed the far-field, continuous-wave PSFs based on
the approximate analytical expressions including the two-way
response of a single element given in (8) with d=4/2. The
results are presented in Fig. 4, where each PSF distribution (on
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a constant p surface) represents a C-scan as a function of the
Fourier transform variables « and g (or equivalently sin(6,)
and sin(6,)).

1) X-Shaped Transmitter and Full Receiver (XT-FR): In
this configuration, the transmit array is a cross-shaped aperture
formed by the two diagonals of the 2D transducer array, while
the entire array is utilized in receive (see Fig. 3). Assuming
that the transmit elements are also used in receive, the PSF of
this configuration, can be approximated by

« sm((a ﬂ)N) sin((a+ﬂ)N)
B (@) ( sin(a - ) sin(a+,6’)} )

(e )

Note that the first term corresponds to the sum of responses of
two diagonal linear arrays, whereas the second term is one-way
response of a square array. The computed PSF of XT-FR is
displayed in Fig. 4.

2) X-Shaped Transmitter and Plus-Shaped Receiver (XT-
PR): In this configuration the transmit array is a cross-shaped
aperture formed by two perpendicular linear arrays, diagonals
of the 2D transducer array, whereas the receive array is a plus-
shaped aperture formed by two perpendicular linear array pairs
(the vertical and horizontal arms consisting of two central rows
and columns, respectively) (see Fig. 3). Considering that the
central four transmit elements are also used in receive, the PSF
of this configuration, can be approximated by

sin((¢ - #)N)

HXTPR(a’ﬂ)OC( sin((a+ﬂ)N)] o)

sin(a - ) sin(a + A)
sin (@) cos sin (ﬂN) o8
(gt gy )

Note that the first term corresponds to the sum of the responses
of two diagonal linear arrays, whereas the second term is the
one-way response of the plus-shaped receive array. Also note
that the cosine factors in the second term are associated with
the vertical and horizontal arms consisting of two central rows
and columns, respectively. The computed PSF plot of XT-FR
is shown in Fig. 4.

The XT-PR configuration can be considered as an
extension of the basic array configuration known as the Mills
cross array, in which the transmitter and receiver are
perpendicular linear arrays [24]. The XT-PR array
configuration employing a plus-shaped transmitter with a
single row and column and cross-shaped (diagonals) receiver
has been investigated previously for phased array volumetric
imaging by Smith et al. [31,32]. Here we reconsider this array
configuration with fan-beam scanning, and compare it with the
other array configurations.

3) X-Shape Transmitter and Boundary Receiver (XT-BR):
This configuration employs the diagonal elements of the 2D
transducer aperture in transmit and the boundary elements in
receive (see Fig. 3). We can approximate the PSF of this array
design by the following expression:

. sin (e ﬂ)N) sin((a + B)N)
sl )
((aN) sin(AN)

sin(a) (ﬁ)

(11)

os () + os(a N)j

Here the first term is the same as that of (9) and (10), and the
second term is the one-way response of a square boundary
array, approximated by the sum of the responses of two
horizontal and two vertical linear arrays (the corner elements
are considered as the common elements). The computed PSF
of XT-BR is given in Fig. 4. A rectangular boundary array
with different weighting schemes used both as the transmitter
and receiver has been investigated previously by Kozick and
Kassam [13]. The XT-BR explored here has two distinctions
from the earlier configurations: it employs an X-shaped array
in transmit and a boundary array in receive, and involves fan-
beam processing for volumetric scanning.

4) Boundary-Rows Transmitter and Boundary-Columns
Receiver (BRT-BCR): This array design uses two boundary
rows (the outermost horizontal linear arrays) in transmit and
two boundary columns (the outermost vertical linear arrays) in
receive, and produces a uniform coarray with no redundant
spatial frequency (Fig. 3). The approximate PSF of this
scheme corresponds to multiplication of the summed responses
in the second term of (11):

Husr sl ) [ 2o )|

(ot

(12)

The computed, continuous-wave, far-field PSF of BRT-BCR is
shown in Fig. 4. The BRT-BCR configuration is basically an
extension of a standard Mills cross array, where two spatially
orthogonal N-element, linear arrays, used as the transmit and
receive arrays, produce a non-redundant (NxN)-element
coarray with uniform amplitude distribution [24]. Considering
an NxN-element transducer array, BRT-BCR uses the two N-
element boundary horizontal linear arrays in transmit and the
two N-element boundary vertical linear arrays, and produces a
coarray with size of (2N-1)x(2N-1). Therefore, the size of the
coarray of BRT-BCR is two times that of the Mills cross array,
at the expense of doubling the transmit and receive elements or
increasing the multiple firings from N active channels by 4
times. The BRT-BCR with different weighting schemes has
been investigated previously by Kozick and Kassam [13]. Here
we reconsider this array configuration to improve its frame
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Fig. 5. Illustration of coherent fan-beam processing using XT-BR array
configuration: a) a schematic of volumetric scanning, and b) coherent
processing.

rate by using the fan-beam scanning, and compare it with the
other array configurations.

C. Fan-Beam Processing

For real-time volumetric scanning, we use transmit fan-
beams generated by the linear arrays to reduce the firing count.
A subset of elements on a 2D transducer array chosen along a
line, forming a “linear array,” produces a fan-shaped beam
(fan-beam), narrow in one dimension and broad in the other.
The narrow beam width on the scanning plane is determined
by the length of the linear array, while the wide beam width
orthogonal to the scanning plane is determined by the element
pitch. In volumetric scanning, we insonify a plane of the
volumetric field by a fan-beam, and then we reconstruct the
image pixels on that plane through parallel receive
beamforming. We repeat this process for each plane of the
volumetric field using steered fan-beams. The fan-beam
processing can be implemented using any of the array

PSF on Constant p-Surface (0<$<2r, 0<0<n/2)
Cq

° ° Z
(@)}

PSF on p6-Plane

<«—-B1<p<8i—>

X

(2) (b) ©

X

Fig. 6. Beam patterns of a horizontal (a) 1-element wide diagonal (b) and 3-
element wide diagonal (c) linear arrays on a 32x32-element 2D array. The
display dynamic range of PSFs is 50dB. The PSF on the constant p-surface
(¢0-surface) represents a C-scan, whereas the cross-sectional PSF on the p6-
plane corresponds to a B-scan.

configurations presented here. As an example, fan-beam
scanning using the XT-BR array configuration is illustrated in
Fig. 5.a. Note that the chosen transmit 2D subarray array must
be decomposable into linear arrays, and data acquisition must
be repeated for each transmit linear array. The data from these
acquisitions are added coherently to form the overall image.
This process is illustrated in Fig. 5.b for the XT-BR
configuration.

The fan-beam pattern is identical to the one-way response
of the N-element active linear array:

b (@, ) sin(ﬂN)x(sin(a)X sin(ﬁ)} (13)

sin (ﬂ) a )

where the second term is the one-way response of a single
element. For illustration, the simulated wide-band transmit
beam patterns of three different linear array configurations on
a 2D array are presented in Fig. 6, where the parameters given
in Table I were used in the simulations. Different than a 1-
element wide horizontal or vertical linear array (Fig. 5.a), the
1-element wide diagonal linear array produces grating lobes in
its one-way beam pattern as seen in Fig. 6.b. These grating
lobes are caused by the aperture undersampling since the inter-
element distance along the diagonal linear array on a 2D array
with 2/2-element spacing, is V2/2. These grating lobes can be
suppressed to an acceptable level by the receiver array as
demonstrated by the simulations in the next section. Note that
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Fig. 7. Forming linear vertical (top) and diagonal (bottom) arrays using
electronic defocusing.

a multi-element wide diagonal linear array (whose inter-
element-spacing becomes V21/4) can produce a fan-beam
without any grating lobes at the expense of reducing beam
angle. As an example, the response of a 3-element wide
diagonal array is shown in Fig. 6.c. This drawback can be
handled by defocused excitation of the multi-element wide
diagonal linear arrays [15,51]. In the rest of this paper we
consider only the 1-element wide transmit linear arrays in the
simulation and comparison of the array configurations.

In fan-beam processing using an NxN element array
(N>>1) with an inter-element spacing of d, the number of
firings to form a pyramidal volume with an angle of (6px 65) is

B, ZK[ZNd sin[‘gz”n (14)

where K denotes the number of linear arrays forming the
transmit array. Note that this is achieved by performing
parallel receive beamforming to compute the image pixels on
the plane insonified by the transmit fan-beam. To produce a
90° volumetric frame with d=A/2, the minimum number of
firings is Kx(V2xN). In other words fan-beam processing
reduces the firing count from O(N2) to O(KN).

Fan-beam processing involves K successive firings for the
reconstruction of pixels on a cross-sectional image plane, and
hence increases the susceptibility to tissue motion by a factor
of K. For the applications targeted in this study, this drawback
should be tolerable for all the four array designs, where K =2.
In the BRT-BCR array configuration, the image volume can be
scanned by firing from only one of the transmit rows at a time,
or alternatively by firing both rows simultaneously. In the
latter case each firing generates a comb-shaped fan-beam as
illustrated in Fig. 7, and hence two consecutive firings are
required to produce interleaved fan-beams.

III. PSF SIMULATIONS AND COMPARISON

To test the imaging performances of the array designs, we
performed numerical PSF simulations based on the Rayleigh-

7
TABLE I
SIMULATION PARAMETERS
Array Size 32x32 Elements
Frequency 5 MHz

Element Pitch
Excitation Pulse

150 um (A/2 at 5 MHz)
Gaussian with 80% FBW

Sampling Frequency 250 MHz
Transmit Focus / Target Location Fy of 4
Ultrasound Velocity 1540 m/s

Sommerfeld diffraction formulation for a point target [57]. We
calculated the PSF, H(u), using the following expression
t,-c,

H(u)=Y g, x XD g X
n n k

XS 7_tn_tk_rn,T_Tk,R ’
Co

—at, ¢ —a-t-cy

e

e
t, ¢

(15)

where u is the 3D vector representing the observation point,
i.e., (06 ¢); the first and second summations are over the
transmit and receive elements, respectively; S(.) is the
excitation Gaussian pulse; 1, is the flight time between n™
element and the point target at ug; 7, rand 7 g, respectively, are
the transmit and receive delay times for focusing at ur and ug.
The term g, represents the aperture apodization and the one-
way element factor (PSF of an array element). In our
simulations, we used rectangular weighting (the weighting of
each element is unity) to test the responses of different arrays
without any aperture apodization. For the sake of reduced
computational complexity, we approximated the element factor
by a cosine function, and ignored the attenuation effects, which
is reasonable for testing PSF over Og-surface (constant-p
surface), and on PSF on pé@plane with small axial range. As a
result, the term g, is simplified to g, =cos((7wd/A)-sin(@,)),
where ¢, is the angle between the element’s normal and the
target direction (0<¢,<7/2). We implemented a custom
simulation code in C and ran the simulations on a dual-core
workstation computer using the simulation parameters outlined
in Table I. The simulation outputs were post-processed in
Matlab for display purposes. The simulation geometry
showing the array and the reference coordinate system is given
in Fig. 2.

We present the first set of the simulated PSFs in Fig. 8
and Fig. 9. Here the target is located on the array normal (on-
axis), and hence these PSFs represent non-steered beam
patterns. To test steered responses of the array configurations,
we also performed PSF simulations for 6=30° and ¢=45°.
These steered responses are presented in Fig. 10. For
displaying 3D PSFs, we used two orthogonal views on a
constant-p surface (@¢-surface) and a pé-plane (in spherical
coordinates as depicted Fig. 2), which correspond to the C-
scan and B-scan displays, respectively. Each image in these
figures was normalized to its own maximum and log
compressed to 50 dB dynamic range. For ease of comparison,
the compounded, 1D lateral cross-sections of the non-steered
PSFs are also shown in Fig. 8 and Fig. 9, where the
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Fig. 8. Simulated PSFs of the array configurations. a) Each PSF represents a
C-scan over a constant-p surface (0<6<m/2 and 0<¢<2m) with 50dB display
dynamic range. b) Compounded, 1D lateral cross-sections of the PSFs
(showing the main lobes within -15dB), where the 1D cross-sections across
the entire range of ¢-extension were averaged.

compounding was performed by averaging the 1D cross-
sections across the entire ¢range (0<¢<27x), and the p-range
(604 <p<681), respectively. Since the PSFs vary with steering

BRT-BCR

Normalized Magnitude (cIB)

Lateral Angle, 6 (Degrees)

Fig. 9. Simulated PSFs of the array configurations. a) Each PSF represents a
B-scan over a p@-plane (the horizontal axis: -nm/2<6<m/2; the vertical axis:
601<p<681). b) Compounded, 1D lateral cross-sections of the PSFs, where
the 1D cross-sections across the entire range of p-extension were averaged.

angle and do not possess full circular symmetry, a general
quantitative comparison of the PSFs becomes difficult.
Therefore, here we first perform a qualitative comparison of
the PSFs and then we compare the array configurations in
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Fig. 10. Simulated PSFs steered to =m/6 and ¢=mn/4. Each PSF represents
C-scan over the constant-p surface (0<6<m/2 and 0<¢<2m) with 50dB
display dynamic range.

terms of the system complexity and image quality based on
quantitative parameters.

When the non-steered and steered responses of the array
configurations are examined, we observe that the PSF of CPA
has the lowest side lobes and wide main lobe, while the PSF of
CSA has a narrow main lobe but has high side lobes and
grating lobes. These observations are consistent with the
approximated theoretical PSF expressions and shapes of the
coarray functions. The smooth coarray function of CPA results
in a wider main lobe and suppressed side lobe levels; the
rectangular coarray function of CSA produces the narrow main
lobe but a high side lobe level; the zeros in the coarray
function produces the grating lobes. The grating lobe level, as
expected, is pronounced here because of the wide bandwidth
of the excitation pulse. The non-steered PSFs of CPA and XT-
FR (Fig. 8 and Fig. 9) have almost identical shapes, main lobe
widths, and side lobe levels. This is consistent with their
similar coarray functions (Fig. 2). Comparison of their steered
responses (Fig. 10) indicates that XT-FR produces slightly
higher side lobe levels than CPA. In general the response of

XT-FR well approximates that of CPA. While the main lobe of
XT-BR is narrower than that of XT-FR, its side lobe level is
higher than that of XT-FR. The XT-BR performs better than
both XT-PR and XT-BCR. The main lobe of XT-BR is
narrower than that of XT-PR and comparable to that of BRT-
BCR. The side lobe level of XT-BR is lower than both XT-
BCR and BRT-BCR. The XT-PR and BRT-BCR perform
similar in terms of the side lobe levels, while BRT-BCR has a
narrower main lobe. We have also simulated the PSFs for
array configurations with the common elements are active both
in transmit and receive. In 50-dB dynamic range, these PSFs
were almost identical with the PSFs presented above where the
common elements were active only in transmit or in receive.

For quantitative comparison, we calculated parameters
quantifying the system complexity and image quality. These
parameters include the active channel count, frame rate and
SNR. For all array configurations, the parameters expressed in
terms the array size are shown in Table II. Here the number of
firings, beam count and frame rate were calculated using the
relations (1), (5) and (14). The frame rate was normalized to
the round-trip flight time. The SNR gain relative to a single
element’s SNR is approximated as NT\/NR where Ny is the
number of active transmit elements and Ny is the number of
receive elements.

When the array configurations are compared in terms of
their active channel counts quantifying the front-end
complexities, both the transmit and receive front-end
complexities of each of the array designs XT-PR, XT-BR, and
BRT-BCR is O(N) (order of N), whereas the transmit and
receive front-end complexities of XT-FR are O(N) and O(N?),
respectively. Note that both the transmit and receive front-end
complexities of CPA and CSA are ON*) and O(1),
respectively. The frame rate of each of the four array
configurations XT-FR, XT-PR, XT-BR and BRT-BCR is
O(1/N), whereas that of CPA and CSA is O(1/N*). While the
image SNR values of CPA and CSA are proportional to N°
and N, respectively, the SNR of XT-FR is proportional to N?,
and the others produce identical image SNR proportional to
N2,

The cost and performance parameters calculated
numerically for two particular array sizes, 32x32 and 64x64,
are given in Table III and Table IV, respectively. In the
calculation, the speed of sound was 1540 m/s, the view angle
was 90°x90°, and the imaging depth was 30 mm. These
particular settings were chosen for endoscopic ultrasound
applications. For 32x32 and 64x64 arrays, respectively, the
four explored array configurations with fan-beam processing
can achieve the frame rates of 285 and 142, whereas CPA can
produce 12 and 3 frames per second. The XT-FR can produce
63-dB and 75-dB image SNR with 32x32 and 64x64 arrays,
respectively. The XT-BR can achieve 54-dB and 63-dB image
SNR with 32x32 and 64x64arrays, respectively. Note that
these SNR values are normalized by a single channel’s SNR
(~15-20 dB).

The amount of sound pressure generated in each firing is
another critical parameter affecting the performance of array
imaging. Fully populated 2D arrays allow generation of large
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amount of acoustic power in transmit, and can benefit from

TABLE II
QUANTITATIVE COMPARISON OF ARRAY CONFIGURATIONS
FOR AN NxN-ELEMENT ARRAY

CPA CSA XT-FR XT-PR XT-BR BRT-BCR

Tx Elements NxN NxN 2N 2N 2N 2N
Rx Elements NxN NxN NxN 4N 4N 2N
Active Tx Channels ~ NxN 1 N N N N
Active Rx Channels NxN 1 NxN 4N 4N 2N
Tx Beams per Frame  2N? - NEYYANGY NG V2N
Firings per Scan Line 1 - 2 2 2 2
Firings per Frame 2N* N* 22N 22N 22N 242N
Frame Rate [X Lj BLEN 1 1 1 1

2R) 2N* N* 22N 22N 22N 22N
Image SNR N* N 2N 22N 22N 2N

TABLE III

QUANTITATIVE COMPARISON OF ARRAY CONFIGURATIONS FOR NxN=32x32

CPA CSA XT-FR XT-PR XT-BR BRT-BCR

Tx Elements 1024 1024 64 64 64 64
Rx Elements 1024 1024 1024 128 128 64
Active Tx Channels 1024 1 32 32 32 32
Active Rx Channels 1024 1 1024 128 128 64
Tx Beams per Frame 2048 - 45 45 45 45
Firings per Scan Line 1 - 2 2 2 2

Firings per Frame 2048 1024 90 90 90 90
Frame Rate 12 25 285 285 285 285
Image SNR (dB) 90 30 63 54 54 51

TABLE IV

QUANTITATIVE COMPARISON OF ARRAY CONFIGURATIONS FOR NxN=64x64

CPA CSA XT-FR XT-PR XT-BR BRT-BCR

Tx Elements 4096 4096 128 128 128 128

Rx Elements 4096 4096 4096 256 256 128
Active Tx Cahnnels 4096 1 64 64 64 64
Active Rx Cahnnels 4096 1 4096 256 256 128
Tx Beams per Frame 8192 - 90 90 90 90
Firings per Scan Line 1 - 2 2 2 2

Firings per Frame 8192 4096 180 180 180 180
Frame Rate 3 6 142 142 142 142
Image SNR (dB) 108 36 75 63 63 60

high SNR and nonlinear acoustics applications such as critical
Doppler modes and harmonic imaging. Although the ability of
each of our array designs in generating sound pressure is
significantly less than that of a full 2D array, the proposed
array configurations employ full 1D linear arrays in transmit
and hence can generate acoustic power sufficient for many B-
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Fig. 11. Forming linear vertical (top) and diagonal (bottom) arrays using
electronic defocusing.

mode imaging applications. To increase acoustic power from
each linear array in the X-shaped transmitter and in the
boundary transmit rows, it is possible to emulate a multi-
element wide defocused linear array using electronic delays
(Fig. 11). The transmit beam pattern of such a linear array can
be controlled by the defocusing delay scheme and weighting.
For 2D imaging, it has been shown that the transmit power
increases by the square root of the number of uniformly
weighted, defocused array elements [15,20,22]. For 3D
imaging using an N element linear array with each element
consisting of M defocused elements aligned in the direction
normal to the linear array, the transmit power is proportional
to NNM. In the limiting case, an NxN 2D array can be
configured as a single N-element horizontal linear array by
defocusing N-elements on each column, and the transmit
power of this array becomes proportional to NYN. Similarly, a
diagonal defocused linear array on an NxN array can also be
formed where each virtual element consists of a different
number of defocused elements which corresponds to a
triangular apodization across the diagonal linear array. Such
array reconfigurations can be applied directly to the proposed
techniques here to improve the transmit power. Reconfiguring
the array in transmit and receive and/or in different firings,
called as reconfigurable array design, has been used in 3D
imaging for improving frame rate and/or reducing the array
front-end complexity [7,49,51]. In general, the XT-FR
produces the best image quality and involves the largest
receive channel count when compared to XT-BR, XT-PR and
BRT-BCR. The front-end complexities of the XT-BR, XT-PR
and BRT-BCR are very similar, while the image quality of the
XT-BR is better than the other two. The realization of aperture
apodization for a given minimum f-number and/or for
suppression of side lobe levels is straightforward for XT-FR
and XT-PR, and XT-BR in transmit, whereas the apodization
for BRT-BCR and receive apodization for XT-BR can be
realized using multiple acquisitions with different weighting
kernels [13,56].
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IV. SUMMARY AND CONCLUSION

We explored reduced redundancy array configurations
for miniature volumetric imaging systems. Each configuration
forms a coarray that captures all the spatial frequency content
with a reduced number of active channels and firing count,
and possesses a different tradeoff between image quality and
front-end complexity. We explored fan-beam processing to
reduce the number of firings in real-time volumetric scanning.
We presented theoretical and simulated PSFs of the array
configurations along with quantitative comparison in terms of
the front-end complexity and image quality.

Coarray design aims to reduce the active element count
while maintaining the image quality of the fully populated
array. This is achieved by eliminating the transmit-receive
element combinations producing redundant spatial
frequencies. For an NxN-element transducer array, the kernel
coarray (with no redundancy) is the fully filled (2N-1)x(2N-
1)-element array, where each of its elements is formed by only
a single transmit-receive element combination. Additionally,
the weighting of each coarray element must be adjustable
independently by the transmit and receive element weights in
the firing scenario. This allows controlling the PSF shape, the
main and side-lobe levels; otherwise the resulting PSF cannot
be matched to that of the fully populated array. The array
configurations explored in this study produce coarrays with
controllable main and side lobe levels via aperture
apodization. This leads to considering forming larger arrays
using the explored configurations instead of forming
relatively smaller fully populated arrays for a given channel
count. In addition, the array configurations presented here
can also be used together with most of the existing array
processing techniques such as subarray micro-beamforming
and coded-excitation. Moreover, the explored array
configurations are scalable to larger arrays by using larger
transducer arrays or by forming larger arrays using small
modular subarrays.

Depending on the back-end hardware requirements, the
transmit and receive arrays in any array configuration can be
interchanged while producing the same coarray function and
PSF. For example, such re-configuration of XT-FR and XT-
BR, improves the image SNR, and simplicity of the receive
front-end, but reduces the frame rate and increases the
transmit front-end complexity. We aim to use the XT-FR and
XT-BR array configurations for endoscopic imaging. We have
already implemented a custom front-end IC for real-time
imaging using a 16x16 CMUT array, and demonstrated
successful results [9,54]. Currently we’re working on
implementation of a new custom, programmable front-end IC
chip which can be used to realize any of the array designs
discussed here [55]. Our future studies will focus on testing of
the array configurations using experimental setups based on
our custom front-end IC chips and 2D CMUT arrays.

(1]

(2]

(3]

(4]

(5]

(6]
(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

11

REFERENCES

A. Fenster, D. B. Downey, and H. N. Cardinal, “Three dimensional
ultrasound imaging,” Phys. Med. Biol., vol. 46, pp. R67-R69, May
2001.99

R. C. Houck, J. Cooke, E. A. Gill , “Three-Dimensional echo: transition
from theory to real-time, a technology now ready for prime time,”
Current Problems in Diagnostic Radiology, vol. 34, No. 3, pp. 85-105 ,
2005.

R. M. Lang, V. Mor-Avi, L. Sugeng, P. S. Nieman, D. J. Sahn. “Three
dimensional echocardiography: the benefits of the additional
dimension,” J. American College of Cardiology, Vol. 48, No. 10, pp.
2053-69, 2006.

R. C. Houck, J. E. Cooke, E. A. Gill, “Live 3D echocardiography: a
replacement for traditional 2D echocardiography?,” American Journal
of Roentgenology, Vol. 187, No. 4, pp. 1092-1106, Oct., 2006.

E. A. Gill, B. Klas, “Three-dimensional echocardiography: an historical

perspective,”  Cardiology Clinics, Vol. 25, No. 2, pp. 221-229, May
2007.
I. S. Salgo, “Three-dimensional echocardiographic technology,”

Cardiology Clinics, Vol. 25, No. 2, pp. 231-239, May 2007.

B. Savord, R. Solomon, “Fully sampled matrix transducer for real time
3D ultrasonic imaging,” IEEE Ultrason. Sympos., pp. 945-953, 2003.

O. Oralkan, A. S. Ergun, J. A. Johnson, M. Karaman, B. T. Khuri-
Yakub, “Volumetric acoustic imaging using two-dimensional capacitive
micromachined transducer arrays," IEEE Trans. Ultrason., Ferroelect.,
Freq. Contr., vol. 50, no. 11, pp. 1581-1594, Nov. 2003.

1.0. Wygant, X. Zhuang, D.T. Yeh, S. Vaithilingam, A. Nikoozadeh, O.
Oralkan, A.S. Ergun, M. Karaman, and B.T. Khuri-Yakub, "An
endoscopic imaging system based on a two-dimensional cMUT array:
real-time imaging results," Proc. Of IEEE Ultrasonics Symposium,
vol.2, pp. 792- 795, Sept. 2005.

K. E. Thomenius, “Evolution of ultrasound beamformers,” in Proc.
IEEE Ultrason. Symp., pp. 1615-1622, 1996.

E. Brunner, “How ultrasound system considerations influence front-end
component choice,” Analog Dialogue, Vol. 36, No. 3, May-July, 2002.
L. F. Nock and G. E. Trahey, “Synthetic receive aperture imaging with
phase correction for motion and for tissue inhomogeneities. I. Basic
principles,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 39, pp.
489-495, 1992.

R. J. Kozick and S. A. Kassam, “Synthetic aperture pulse-echo imaging
with rectangular boundary arrays,” IEEE Trans. Image Proces., vol. 2,
no. 1, pp. 68-79, Jan. 1993.

J. T. Ylitalo and H. Ermert, “Ultrasound synthetic aperture imaging:
Monostatic approach,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr.,
vol. 41, pp. 333-339, 1994.

M. Karaman, P. C. Li and M. O’Donnell, “Synthetic aperture imaging
for small scale imaging systems,” IEEE Trans. Ultrason. Ferroelect.
Freq. Contr., vol. 42, no. 3, pp. 429-442, May 1995.

R. Y. Chiao and L. J. Thomas, “Aperture formation on reduced-channel
arrays using the transmit-receive apodization matrix,” Proc. of IEEE
Ultrason. Symp., pp. 1567-1571, 1996.

M. O’Donnell, M. J. Eberle, D. N. Stephens, J. L. Litzza, K. San
Vicente, and B. M. Shapo, “Synthetic phased arrays for intraluminal
imaging of coronary arteries,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 44, pp. 714-721, 1997.

M. Karaman, H. S. Bilge, and M. O’Donnell, “Adaptive multieclement
synthetic aperture imaging with motion and phase aberration
correction,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 45, pp.
1077-1087, 1998.

G. R. Lockwood, J. R. Talman, and S. S. Brunke, “Real-time 3-D
ultrasound imaging using sparse synthetic aperture beamforming,” IEEE
Trans. Ultrason., Ferroelect., Freq. Contr., vol. 45, pp. 980-988, 1998.
C. H. Frazier and W. D. O’Brien, “Synthetic aperture techniques with a
virtual source element,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr.,
vol. 45, pp. 196-207, 1998.

C. R. Hazard and G.R. Lockwood, “Effects of motion on a synthetic
aperture beamformer for real-time 3D ultrasound,” Proc. of IEEE
Ultrason. Symp., pp. 1221 — 1224, 1999.



SUBMITTED TO IEEE TRANSACTIONS ON MEDICAL IMAGING

[22] S. L. Nikolov and J. A. Jensen, “3D synthetic aperture imaging using a
virtual source element in the elevation plane,” in Proc. IEEE Ultrason.
Symp., pp. 1743-1747, 2000.

[23] K. L. Gammelmark and J. A. Jensen, “Multielement synthetic transmit
aperture imaging using temporal encoding,” IEEE Trans. Med. Imag.,
vol. 22, pp. 552-563, 2003.

[24] K.-S. Kim, T.-K. Song, “High volume rate 3D ultrasound imaging using
cross array based on synthetic transmit focusing,” in Proc. IEEE
Ultrason. Symp., pp. 1409-1412, 2004.

[25] R. E. Davidsen, J. A. Jensen, S. W. Smith, “Two-dimensional random
arrays for real-time volumetric imaging,” Ultrasonic Imaging, vol. 16,
pp. 143-163, 1994.

[26] G. R. Lockwood and F. S. Foster, "Optimising the radiation pattern of
sparse periodic two-dimensional arrays," IEEE Trans. Ultrason.,
Ferroelect., Freq. Contr., vol. 43, pp. 15-19, Jan. 1996.

[27] J. L. Schwartz and B. D. Steinberg, “Ultrasparse, ultrawideband arrays,”
IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 45, no. 2, pp. 376-
393, Mar. 1998.

[28] S. I Nikolov and J. A. Jensen, “Application of different spatial sampling
patterns for sparse array transducer design,” Ultrasonics, vol. 37, no. 10,
pp. 667-671, 2000.

[29] J. T. Yen, J. P. Steinberg, and S. W. Smith, “Sparse 2-D array design for
real time rectilinear volumetric imaging,” IEEE Trans. Ultrason.,
Ferroelect., Freq. Contr., vol. 47, no.1, pp. 93-110, Jan. 2000.

[30] A. Austeng and S. Holm, “Sparse 2-D arrays for 3-D phased array
imaging—design methods,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 49, pp. 1073-1086, Aug. 2002.

[31] S. W. Smith, H. G. Pavy, Jr., and O. T. von Ramm, “High speed
ultrasound volumetric imaging system— Part 1. Transducer design and
beam steering,” IEEE Trans. Ultrason., Ferroelect.,Freq. Contr., vol. 38,
pp. 100-108, 1991.

[32] O. T. von Ramm, S. W. Smith and H. Puly, "High-speed ultrasound
volumetric imaging systems— Part II: parallel processing and image
display," IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 38, pp.
109-115, Mar.,1991.

[33] A. Drukarev, K. Konstantinides, G. Seroussi, "Beam transformation
techniques for ultrasonic medical imaging,” IEEE Trans. Ultrason.,
Ferroelect., Freq. Contr., vol. 40, no. 6, pp. 717-725, , Nov. 1993.

[34] K. Wall, .G. R. Lockwood, “A new multi-beam approach to real-time
3D imaging,” in Proc. IEEE Ultrason. Symp., pp. 1759-1762, 2002.

[35] J. Cheng, J.-Y. Lu, “Extended high-frame rate imaging method with
limited-diffraction beams,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 53, no. 5, pp. 880-899, May 2006.

[36] T. Hergum, T. Bjastad, K. Kristoffersen, H. Torp, ‘Parallel
beamforming using synthetic transmit beams,” IEEE Trans. Ultrason.,
Ferroelect., Freq. Contr., Vol. 54, No. 2, pp. 271-280, Feb. 2007.

[37] J. T. Yen and S. W. Smith, "Real-time rectilinear volumetric imaging,"
IEEE Trans. Ultrason., Ferroelec., Freq. Contr., vol. 49, no. 1, pp. 114-
124, 2002.

[38] J. T. Yen and S. W. Smith, " Real-time rectilinear 3-D ultrasound using
receive mode multiplexing," IEEE Trans. Ultrason., Ferroelec., Freq.
Contr., vol. 51, no. 2, pp. 216 - 226, Feb. 2004.

[39] N. M. Daher and J. T. Yen, “2D Array for 3D ultrasound imaging using
synthetic aperture techniques,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 53, no. 5, pp. 912-924, May 2006.

[40] M. Karaman and M. O’Donnell, “Subaperture processing for ultrasound
imaging,” IEEE Trans. Ultrason. Ferroelect. Freq. Contr., vol. 45, no. 1,
pp. 1-10, Jan. 1998.

[41] J. A. Johnson, M. Karaman, B. T. Khuri-Yakub, “Coherent array
imaging using phased subarrays—Part I: basic principles,” IEEE Trans.
Ultrason., Ferroelect., Freq. Contr., vol. 52, no. 1, pp. 37-50, Jan. 2005.

[42] J. A. Johnson, O. Oralkan, A. S. Ergun, U. Demirci, M. Karaman, B. T.
Khuri-Yakub, “Coherent array imaging using phased subarrays—Part II:
simulation and experimental results,” IEEE Trans. Ultrason., Ferroelect.,
Freq. Contr., vol. 52, no. 1, pp. 51-64, Jan. 2005.

[43] T. Misaridis and P. Munk, “High frame rate imaging using parallel
transmission of focused coded fields,” in Proc. IEEE Ultrason. Symp.,
pp. 1417-1420, 2000.

[44] M.-H. Bae., W.-Y.Lee., M.-K. Jeong, and S.-J. Kwon, “Orthogonal
golay code based ultrasonic imaging without reducing frame rate,” in
Proc. IEEE Ultrason. Sym., pp. 1705-1708-, 2002.

[45

[46

[47

[48

[49

[50

[51

[52

[53

[54

[55

[56

[57

]

]

]
]

]

]

]

]

]

]

]

]

—

12

R.Y. Chiao and X. Hao, “Coded excitation for diagnostic ultrasound: a
system developer's perspective,” IEEE Trans. Ultrason., Ferroelect.,
Freq. Contr., vol. 52, no. 2, pp.160-170, Feb. 2005.

M. ODonnell, Y. Wang, “Coded excitation for synthetic aperture
ultrasound imaging,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr.,
vol. 52, no. 2, pp. 171-176, Feb. 2005.

B. Savord “Phased array acoustic systems with inter-group processors”,
US Patent 5,997,479.

B. Savord “Beamforming methods and apparatus for three-dimensional
ultrasound imaging using two-dimensional transducer array” US Patent
6,013,032.

R. Fisher, R. Wodnicki, S. Cogan, R. Thomas, D. Mills, C. Woychik, R.
Lewandowski, and K. Thomenius, ‘“Packaging and design of
reconfigurable arrays for volumetric imaging,” Proc. Of IEEE
Ultrasonics Symposium, pp. 407-410, 2007.

C. M. W. Daft, D-L. D. Liu, P. A. Wagner, 1. Ladabaum, “Multi-
dimensional CMUT array with integrated beamformation,” US Patent
Applicaton # 20070242567.

C. Daft, D. Brueske, P. Wagner and D. Liu, “A matrix transducer design
with improved image quality and acquisition rate,” Proc. Of IEEE
Ultrasonics Symposium, pp. 411-415, 2007.

T. L. Proulx, C. M. Daft, Mohr; J. Paul, T. W. Wilser, C. E. Bradley, P.
A. Wagner, 1. Ladabaum, “Ultrasound imaging transducer array for
synthetic aperture,” US Patent Application, # 20070167752 (Also C. E.
Bradley, C. M. Daft, I. Ladabaum, J. P. Mohr III, T. Proulx, P. A.
Wagner, W. T. Wilser, “Ultrasound imaging transducer array for
synthetic aperture,” EPO Patent Application # EP 1 795 917 A2)

A. Savoia, V. Bavaro, G. Caliano, A. Caronti, R. Carotenuto, P. Gatta,
C. Longo and M. Pappalardo, “Crisscross 2D c¢MUT array:
beamforming strategy and synthetic 3D imaging results,” Proc. Of IEEE
Ultrasonics Symposium, pp. 1514-1517, 2007.

L.O. Wygant, X. Zhuang, D. T. Yeh, O. Oralkan, A. S. Ergun, M.
Karaman, and B. T. Khuri-Yakub, “Integration of 2D CMUT arrays
with front-end electronics for volumetric ultrasound imaging,”
Submitted to IEEE Trans. Ultrason., Ferroelect., Freq. Contr.

I. O. Wygant, H. J. Lee, A. Nikoozadeh, O. Oralkan, M. Karaman, and
B. T. Khuri-Yakub, "An integrated circuit with transmit beamforming
and parallel receive channels for real-time three-dimensional ultrasound
imaging," in Proc. IEEE Ultrason. Symp., pp. 2186-2189, 2006.

R. T. Hoctor and S. A. Kassam, "The unifying role of the coarray in
aperture synthesis for coherent and incoherent imaging," Proc. IEEE,
pp. 735-52, 1990.

A. R. Selfridge, G. S. Kino, and B. T. Khuri-Yakub, “A theory for the
radiation pattern of a narrow strip acoustic transducer,” Appl. Phys.
Lett., vol. 37, no. 1, pp. 35-36, Jul. 1, 1980.



	106M333_Mustafa_Karaman
	106M333_Mustafa_Karaman_Two-Column_Ultrasonic 2D Array Proce

