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PREFACIO

A deteccao de campos biomagnéticos esta rgla.cionada, a possibilidade de
medida de um campo magnético muito fraco imerso em um ambiente magnetica-
mente ruidoso. Uma das fontes responsaveis pela presenca de campos magnéticos
no corpo humano, sao os deslocamentos i6nicos dentro e fora da membrana de
células excitdveis. O ruido magnético provém de varias fontes, como por ex-
emplo, o campo magnético terrestre, com um valor aproximadamente um milhao
de vezes mais intenso que o mais intenso dos campos biomagnéticos, o campo
magnético cardiaco.

O 1nico dispositivo com sensibilidade apropriada para deteccao de campos
biomagnéticos é o SQUID (Superconducting QUantum Interference Device). De-
vido a sua sensibilidade e caracteristica, o SQUID é utilizado em conjunto com
um transformador de fluxo de geometria gradiométrica, que é capaz de discriminar
espacialmente fontes distantes (ruido) em favor de fontes préximas ao sensor (sinal
biomagnético).

O objetivo principal deste trabalho, foi o estudo da discriminagao espa-
cial realizada através da utilizagao de gradidmetros, na deteccao de campos bio-
magnéticos. Esta tese é o produto de um trabalho de pesquisa, que resultou em 12
publicagoes, que apresentam e discutem uma nova abordagem para‘a compreensao
da atuagao dos gradidmetros sobre os sinais detectados. Além disso, esta nova
abordagem gerou outras técnicas relevantes para a drea, como a calibragao do sis-
tema com uma precisdo até entdo nao alcangada, a possibilidade de recuperagao
do sinal original detectado e um procedimento para auxiliar o projeto de arrays
de gradiémetros planares.

Esta tese foi escrita de tal forma que todas as técnicas desenvolvidas, re-
sultados e as principais conclusoes estdo contidas em seu corpo. Portanto, nao é
necessdria a leitura das publicagoes, a nao ser que um maior aprofundamento em
alguns dos assuntos abordados seja desejado. As contribuigoes especificas dadas
por esta tese serao referenciadas sob forma de anexos. Na introducao, aspectos
gerais de biomagnetismo sao discutidos, como também o seu desenvolvimento a
partir da invengao do SQUID. No capitulo 2, estao descritos o modelo conven-
cional, a constru¢ao, a medida de performance, a calibracao e aspectos prédticos no

projeto de um gradiémetro axial. Detalhes adicionais podem ser encontrados na



publicagdo [1]. No capitulo 3, um novo modelo para gradiémetros ¢ introduzido
baseado em conceitos de filtragem digital e o procedimento da calibragao do sis-
tema é rediscutido. Detalhes adicionais podem ser encontrados nas publicagoes [2],
(3], 4], [5], [10] e [12]. No capitulo 4, este modelo é estendido para gradiémetros
planares e é desenvolvido um algoritmo de desconvolugio para recuperagao do sinal
originalmente medido. Este procedimento também pode ser aplicado no auxilio
do projeto de arrays. Também neste capitulo é discutida a viabilidade da uti-
lizagao destes novos gradiémetros. Nas publicagoes [6], [7], [8], [9] e [11] detalhes
adicionais podem ser encontrados. No capitulo 5, perspectivas e a conclusao, e

finalmente no capitulo 6 a lista e 0 resumo das publicagoes.



1 INTRODUCAO

1.1 - Biomagnetismo

O conceito de que campos magnéticos estao associados a atividade bioelétrica
do corpo humano, embora previsiveis com base em simples consideragoes de eletro-
magnetismo, sé obtiveram uma verificagao experiméntal em 1963 quando Baule e
McFee [1] mediram pela primeira vez sinais magnéticos associados com a ativi-
dade cardiaca. Do ponto de vista instrumental, o equipamento utilizado era muito
primitivo, mesmo assim pode ser demonstrado que medidas de campos magnéticos
um milhao de vezes menores que o campo magnético terrestre sio possiveis em
ambientes nao blindados magneticamente.

Um progresso fundamental na detecgao de campos biomagnéticos foi al-
cangado somente sete anos depois. Em 1970 Cohen, Edelsack e Zimmerman |[2]
usando um dispositivo supercondutor, mediram um magnetocardiograma dentro
de uma camara magneticamente blindada no MIT [3]. O circuito criogénico con-
sistia de uma bobina supercondutora acoplada a um Supercbnducting QUantum
Interference Device [4- 5]. O SQUID é atualmente o sensor mais sensivel de fluxo
magnético, consequentemente de campo magnético, e um dos dispositivos de me-
dida mais sensiveis de qualquer quantidade fisica [6]. As medidas realizadas no
MIT demonstraram que sinais magnéticos de alta qualidade podiam ser medidos
simultaneamente com sinais elétricos, abrindo assim caminho para pesquisa sis-
temdtica de campos biomagnéticos, incluindo a detecgio de campos magnéticos
associados com a atividade cerebral [7].

Um outro importante passo do ponto de vista tecnolégico foi dado quando
pela primeira vez Zimmerman e Frederick [8], utilizaram uma bobina em con-
figuracdo gradiométrica junto com o SQUID, para deteccao de um magnetocar-
diograma fora da camara blindada. Mais adiante, Opfer e colaboradores [9] uti-
lizando o mesmo principio mediram sinais magnéticos cerebrais em um ambiente
urbano. A demonstragao de que um sistema muito mais vidvel, do que o utilizado
por Baule e MacFee, poderia ser utilizado para se detectar campos magnéticos em
volta do corpo humano, deu um grande impulso a esta investigaééo e um maior
nimero de grupos de pesquisa envolveu-se neste campo durante a segunda metade
dos anos setenta [10- 18]. N
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Simples analises teéricas sugeriam que a abordagem magnética era em princi-
pio mais poderosa na identificacdo de fontes de atividade bioelétrica [19- 21],
também mais instrumentos eram desenvolvidos permitindo sua operacao até mes-
mo em ambientes clinicos [22- 25]. Resultados importantes foram obtidos na
pesquisa de fisiologia cardfaca [26- 31] e cerebral [32- 37] e na validagao clinica do
método [38- 44]. A mais importante vantagem do método biomagnético é a bos-
sibilidade de localizagdo em trés dimensoes, de fontes de atividades fisiolégicas e
patolégicas com uma incerteza de possivelmente péucos milimetros. E a chamada
localizagao funcional em oposigao a localizagao anatdmica ou metabdlica fornecida
por outros instrumentos de diagnédstico. .

Os tltimos anos proporcionaram mais progressos em investigagdo clinica [45-
48] e também em pesquisa bésica [49- 54]. Contudo, os maiores avangos foram
em relagao a instrumentagdo, onde novas ternologias levaram a uma geragao de
SQUIDs microfabricados, com performances excepcionais e perfeitamante apropri-
ados para integragao em sistemas multicanais. Desde a segunda metade dos anos
oitenta, varios sistemas com 4, 5 e 7 canais [55- 58] foram introduzidos e mais
recentemente, sistemas com 24, 30 e 37 canais foram construidos [59- 61] sendo

que estes dois ultimos estao disponiveis comercialmente.

1.2 - Campos Biomagnéticos e Ruido Ambiental

A medida de campos biomagnéticos estd relacionada a possibilidade de
medida de um campo magnético extremamente fraco imerso em um ambiente
magneticamente ruidoso. Vérias fontes sao responsaveis pela presenga de cam-
pos magnéticos no corpo humano. Por exemplo, deslocamentos idnicos através
da membrana de células excitdveis produzem correntes idnicas, que por sua vez
geram ambos potenciais elétricos e campos magnéticos na superficie do corpo. O
contetido espectral destes campos se encontra dentro de uma faixc de poucas ¢en-
tenas de Hertz. Algumas vézes a medida precisa ser estendida a uma frequéncia
muito baixa, chegando mesmo até DC no caso de alguns estudos no coragao e no
cérebro. Existem diferencas significativas na amplitude dos varios tipos de cam-
pos biomagnéticos pesquisados, como pode ser visto na Tabela 1.1. Deve ser
enfatizado que o limite inferior da tabela é fungao somente da sensibilidade da in-
strumentagao utilizada até hoje. Estd claro que o fator limitante da sensibilidade
do sistema supercondutor de medida, nio estd posto no SQUID, mas na capaci-

dade de rejeicao do ruido magnético ambiental existente onde as medidas sao
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realizadas. Em primeiro lugar, temos o campo magnético terrestre com uma am-
plitude de 50 uTesla. Este valor é 9 ordens de magnitude maior que o mais fraco
dos campos biomagnéticos. Portanto, vibragdes do sensor no campo terrestre,
produzem grandes perturbagoes na medida. Em segurido, as micropulsagoes de
campos geomagnéticos: os chamados campos magnetoteliiricos, poem uma depen-
dencia da forma 1/f na amplitude do ruido impondo sérios problemas na parte de
baixa frequéncia no espectro da medida. Em 1ltimo, os campos magnéticos asso-
ciados com a presen¢a de grandes massas metélicas, hélices, bombas, elevadores,
etc., geralmente existentes na proximidade do local de realizagao das medidas. A

amplitude deste dltimo, chamado de ruido magnético urbano, estd na faixa de
0.1 a 10 uTesla.

TABELA 1.1
CAMPOS CAMPOS
BIOELETRICOS n% BIOMAGNETICOS pT BANDA Hz

Eletrocardiograma 1000 Magnetocardiograma 50 0.05 — 100
Eletrocard. Fetal 5 — 50 Magnetocard. Fetal .= 1-10 0.05- 100
Eletroencefalograma 50 Magnetoencefalograma 1 0.5-30
Potenciais Evocados 10 Campos Evocados 0.1 DC - 50
Eletromiograma 1000 Magnetomiograma 10 DC - 2000
Eletro-oculograma 1000 Magneto-oculograma 10 DC

Tabela 1.1 - Intensidade de campos bioelétricos e biomagnéticos.

1.3 - SQUIDs e Discriminacao Espacial

O detector de campo magnético mais simples é uma bobina. Um campo
magnético variante no tempo passando através da bobina gera uma corrente que
pode ser detectada e amplificada (Lei de Faraday). A limitagao da utilizagao da
bobina de indugao € o ruido associado & resisténcia da prépria bobina. Uma analise
simples pode mostrar que o campo minimo detectavel é inversamente proporcional
a frequéncia do sinal [62]. Como em biomagnetismo o interesse estd em medidas
em baixa frequéncia (0-100 Hz), a aplicagdo de bobinas de indugao a temperatura

ambiente é limitada. A utilizagao de magnetémetros fluzgate ou de magnetometros
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baseados no efeito Hall também tem sua aplicagao limitada devido a sua baixa
sensibilidade para esta faixa de frequéncia.

A relativa baixa sensibilidade em baixas frequéncias dos magnetometros con-
vencionais, pode entao ser melhorada através de utilizagao de circuitos supercon-
dutores. A bobina de detecgao neste caso fica intrinsecamente livre de ruido e um
Superconducting QUantum Interference Device (SQUID) {63- 64] pode ser usado
como amplificador. Este dispositivo é uma aplicagao do efeito Josephson [65- 66]
e requer a utilizacao de técnicas criogénicas. O possivel aumento de problemas

técnicos dada a utilizagdo de hélio liquido, é largamente justificado pelo ganho de
sensibilidade.

o

po—tsee DEWAR ELET
SOUID

e HELIO LIQUIDO

SoUID

SAADIOME TRO

Fig. 1.1 - Desenho esquematico de um sistema para medidas biomagnéticas.

A figura 1.1 mostra esquematicamente o sistema criogénico contido em um
dewar de fibra de vidro com superisolamento [67]. O reservatério de hélio liquido,
necessirio para manter o circuito supercondutor a uma temperatura de 4.2°
Kelvin, usualmente mantém o sistema frio por alguns dias. O campo magnético
que passa através da bobina de deteccao é sentido pelo SQUID através da corrente
supercondutora existente no circuito éoﬁposto pela bobina de detecgao e por uma

bobina interna ao SQUID. Com a bobina interna fortemente acoplada, esta super-
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corrente impoe um fluxo magnético ao SQUID, que com a ajuda de uma eletrénica,
transforma este fluxo em tensdo. A tensdo de saida é linearmente proporcional ao
fluxo de entrada por varias décadas de frequéncia. Os SQUIDs nio sao dispositivos
passivos, eles precisam ser polarizados ou por réddio frequéncia (rf-SQUIDs) [68-
69] ou por corrente continua (dc-SQUIDs) [70- 71]. Os r{-SQUIDs sao bastante
confidveis, relativamente simples de serem construidos e estao disponiveis comer-
cialmente desde meados da década de setenta. Os dc-SQUIDs, embora disponiveis
comercialmente hd alguns anos, ainda sdo objetos de estudo [72- 73]. A principio
os dc-SQUIDs podem ser mais sensiveis que os rf-SQUIDs por véirias ordens de
magnitude.

Como ja foi dito, a medida de campos biomagnéticos sé é possivel através
da redugao do ruido magnético presente no ambiente onde as medidas sao reali-
zadas. Esta redugdo geralmente é feita de duas formas: 1- utilizagao de cdmaras
magneticamente blindadas [74- 76] de forma a isolar o paciente e o instrumento
de medida do ruido ambiental e 2- utilizagido de sensores que acoplados ac SQUID
sejam capazes de discriminar fontes distantes (ruido) em favor de foutes préximas
ao sensor (sinal biomagnético). A primeira técnica, do ponto de vista de um
laboratério urbano ou de um hospital, ndo é muito conveniente, devido ao seu
alto custo de fabricagao e ao desconforto para o paciente devido ao pouco espago
usualmente disponivel em seu interior. A segunda técnica é conhecida como dis-
criminagao espacial e os sensores como gradibmetros ji que medem .diferengas
ou derivadas do campo no espago. Os gradidmetros podem ser axiais, confec-
cionados com fio supercondutor enrolado em volta de um mandril cilindrico, ou
podem ser planares, integrados junto com dc-SQUIDs em um substrato de silicio.

A discriminagao espacial serd estudada a partir do préximo capitulo.



2 GRADIOMETROS AXIAIS

Neste capitulo serd abordado o principio bésico de funcionamento dos gradi6-
metros axiais, seu projeto, sua construgao, medidas de performance e calibragao.

Detalhes adicionais podem ser encontrados na publicagdo [1].

2.1 - Caracterizagao Usando a Expansido de Taylor

Considere que uma fonte pode ser modelada por um dipolo magnético m e

produz um campo B (r) dado por {77]:

(2.1)

3(r;§n)r f:]

B(r)‘=:‘—;’r[———-——

O fluxo devido a este dipolo em uma espira de uma bobina sensora pode ser

€xXpresso como:
/ B(r)dA, (2.2)
A

onde dA é um elemento de 4rea e a integral se estende sobre toda 4rea da bobina.
Substituindo Eq. (2.1) na Eq. (2.2) e efetuando a integragdo, temos que o fluxo
devido ao dipolo localizado no eixo da espira e a uma distancia d é:

Ho [m| dy,]*
=2 14+ (= : 2.3
6=l 14 ) (2:3)
onde R € o raio da bobina.

Suponha agora que exista uma outra espira sensora no mesmo eixo a uma
distancia b da primeira, portanto a uma distancia b+ d do dipolo. O fluxo através
dela serd dado por:

_/‘Olm' ‘_i_i'_éz -3
¢, = ¥ [1+( 7 )} X (2.4)

Se as espiras forem conectadas em série e enroladas em sentidos opostos, cons-

tituindo assim um gradidmetro de primeira ordem (Fig. 2.1), o fluxo resultante

¢ = ¢, — ¢s. - (25)

sera dado por:
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Fig. 2.1 - Desenho esquematico de um gradiometro de primeira ordem.

Temos entdo que para fontes distantes ¢, tende a zero (d > b), ao passo
que para fontes préximas existird um ¢, nao nulo. Este é o principio bésico de
funcionamento dos gradidometros: dréstica atenuacido de campos provenientes de
fontes distantes em relagio a campos provenientes de fontes préximas.

De uma forma mais geral, a equagao que descreve o fluxo magnético induzido
em um conjunto de (N + 1) bobinas conectadas em série, cada uma constituida

por n; espiras de mesma drea A é (Fig. 2.2):

1), (2.6)

$(t) = A [Z n: B, ()

onde z; é a distdncia da bobina 7 & origem z,, B,(z) é a componente vertical,
perpendicular ao plano da bobinas, do campo magnético B{z) e f(t) a dependéncia
temporal deste campo. - '

Expandindo B, (z) em série de Taylor em torno da origem 2, temos:
o~ B:*)(2) )
B:(z)=z——ar—(z—zo) ; (2.7)
a=0

onde B!*)(z,) é a derivada de ordem a de B,(z) no ponto z. Substituindo a

equagao acima na Eq. (2.6) teremos:

N o (a)(,
sy =4 | S B el s, (28)



Fig. 2.2 - Desenho esquematico de um conjunto de (N+1) bobinas

Chamando de b; (linha de base) as distancias z;, — z, e explicitando a expansao em

2z, = 0 teremos:

b

#(t) = A{n, B, (0) + n,|B, (0) + B!*(0)b, + B* (0)—2— 4o
. 12
+ n;|B,(0) + B! (0)b, + B!* (o)%2 + -
+---} f(t), (2.9)
ou matricialmériﬁ;a:
U, © 0 B, (0)
A 0 BY (0)
#(t) = (4 A) f(t), (2.10)
0 0 ... -Uyx-: Bg’*’-”(o)
onde :
. e
U,,=Zn,»$, «=0,...,N—1. (2.11)
1=0 ’

A matriz diagonal acima representa o efeito do conjunto de bobinas do gradidmetro
sobre o campo e suas derivadas na origem.

A distingao fundamental entre a dependéncia espacial de uma fonte distante
e de uma fonte préxima, é a importincia relativa do campo e de suas derivadas
num determinado ponto do espago. No caso da fonte distante, os termos na Eq.
(2.10) que envolvem o campo e as primeiras derivadas sio predominantes diante
do demais. No caso da fonte préxima isto nao ocorre.

Para exemplificar, suponhamos que trés fontes com uma dependéncia espacial
dipolar ;’1",— e com constantes de proporcionalidade K, , K, e K, estejam respecti-

vamente a 100,10 e 1 unidades de comprimento do ponto de medida z,. Mesmo
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quando K, > K, > K, as derivadas de ordens mais elevadas da fontes distantes
tendem a zero, ao passo que as derivadas da fonte préxima tendem a divergir. Isto
pode ser observado na Tabela 2.1, para K, = 10%, K, = 10* e K, = 1.

TABELA 2.1
(K,r) campo la derivada 2a derivada 3a derivada
(10%, 100) 100 . 3 0.12 0.006
(104, 10) 10 3 1.2 0.6
(1,1) 1 3 12 60

Tabela 2.1 - Derivadas espacias de uma fonte com dependéncia dipolar f‘,— para varios
valores de K e r.

Portanto, se conseguirmos anular os primeiros termos da matriz diagonal da
Eq. (2.10), estaremos anulando a contribuicao dos sinais provenientes de fontes
distantes. Deve ser mencionado que o fato das derivadas de uma fonte préxima
divergirem, significa que a expansao de Taylor nao é vilida para este caso.

Para projetar um gradiémetro de ordem N, assumindo a area A constante,
as primeiras (N-1) equacdes de (2.11) devem ser zeradas de forma a rejeitar o
ruido. Por exemplo, um gradiometro de primeira ordem anula a componente
espacialmente constante do campo, portanto U, = 0. Um gradiémetro de segunda
ordem anula a componente constante e a primeira derivada, U, = U; = 0 e assim
sucessivamente. Procedendo desta forma temos que o projeto do gradiémetro deve

obedecer ao seguinte sistema de equagoes :

N ba
zn,-j=0, «=0,1,...,N—1. (2.12)
i=0

O gradiémetro ficard definido ao se conhecer o nimero de voltas de cada
bobina e a distincia entre elas, ou seja, o conjunto {n;, b;;¢ = 0,...,N}. Por

inspegdo visual, podemos notar que o sistema (2.12) tem N equagoes e 2N + 1

incégnitas. Portanto, N + 1 incégnitas devem ser transformadas em parametros

para tornar sua solugao possivel. Dependendo de quais varidveis forem escolhidas,

serao gerados dois tipos de solugoes. Por exemplo, suponha que os N b, 's(b,b; =
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2b,,...,by = Nb,) e um n, (ny) sejam escolhidos. Neste caso a solugao para o
sistema tem a forma da férmula binomial de Newton [62] :

n,-=no(—1)"“(i1_vl>, i=1,...,N-1. (2.13)
Esta solugao leva ao projeto de gradiémetros convencionais. Por exemplo, um
gradidmetro de primeira ordem, como ji foi mencionado, serd especificado por
no =1,n;, = —-1eb, =b. Um de segunda ordem por n, =1, n; = -2, n, =1,
b, = be b, = 2b, e assim sucessivamente.

No entanto, um tratamento mais geral, nunca fora abordado na literatura.
Se os (N + 1) n;'s, forem escolhidos de forma a resolver a primeira equagdo de
(2.12), entdo mais um incégnita precisa ser escolhida. Suponha que o comprimento
total do gradiometro by seja a incégnita escolhida. Neste caso teremos a escolha
mais geral possivel, pois levard as solugbes (2.13) e outras onde os b, 's néo serdo
miltiplos uns dos outros (vide anexo 1). Como exemplo, pode ser citado um
gradiometro de terceira ordem com ny = 2,n;, = =3, n, = 2, n; = —1, b; = 0.155,
b, =0.73be b, = b.

Adotando-se esta dltima solucdo ou a primeira, é necessdrio algum critério
para a escolha de by e dos n,’'s. O gradiémetro é o produto de um modelo de
projeto (expansao de Taylor) que sé é possivel se a série representada pela Eq.
(2.8) convergir. Isto é, se a expansao for vdlida para a dependéncia espacial do
sinal em questao. Isto significa dizer que a dependéncia espacial do sinal préximo
deve divergir, de forma que o conjunto de bobinas da Fig. (2.2) nao funcione como
um gradidometro para este sinal. Vamos exemplificar projetando um gradiémetro

de segunda ordem. O sistema a ser resolvido é o seguinte:

n0+n1 +n2=0

, bl + n2b2 = 0. (2.14)

Escolhendo os n,’s de forma a satisfazer a primeira equagdo de (2.14) e de forma

a nao gerar uma linha de base negativa, (n, deve ter sinal contrdrio a n, ), temos:
b1 = _—bg. (2.15)

Resta agora a escolha de b,. Para um gradidometro de segunda ordem, podemos

exprimir matematicamente a divergéncia da Eq. (2.8) como:

lim |-T—;,2| > 1, : (2.16)

12



onde,
_ B{* (20)

T,
a!

(n, b3 + nyb3), (2.17)

e B, (2 ) é o campo do sinal préximo na primeira bobina. A expressao geral para
B!*) para campos da forma K/z™ pode ser escrita como:

a

Bi")(z) _ KH;=1(m_i+1)

zm+a

, (2.18)

onde z é a distincia da fonte a origem, escolhida na primeira bobina. Substituindo
as Egs. (2.15) e (2.18) na Eq. (2.16) e efetuando o limite, temos que |b;| > |z|.
Portanto, o comprimento total do gradiémetro deve ser maior que a distancia
da fonte de sinal biomagnética a primeira bobina do gradiémetro. Com relagao
a escolha apropriada dos n;’s, outras limitagoes de natureza prética devem ser

levadas em consideragao.

2.2 - Aspectos Praticos na Construcido de Gradiémetros

Como ji foi mencionado, a utilizacao do gradidmetro se faz juntamente
com o SQUID. Este acoplamento é realizado de forma indutiva, utilizando um
transformador de fluxo onde o secunddrio é colocado no interior do SQUID e o
gradiémetro funciona como primdério deste transformador [78]. Como se trata de
um circuito supercondutor, para um fluxo externo ¢. aplicado ao gradiémetro,

temos:

¢ + (La + La)ia =0, (2'19)

onde L, e L, sao respectivamente as indutidncias do gradiémetro e do secunddrio
ne interior do SQUID, e 7, é a corrente sug 2arcondutora gerada. Como entre L, e

o SQUID existe uma indutdncia mitua dada por M,, existird portanto, um fluxo
¢, induzido no SQUID igual a :

Ml ¢8

¢=Q+L'

(2.20)

Para rf-SQUIDs comerciais, M, e L, sao parametros fixos, assim a transferéncia
de fluxo ao SQUID é funcao da indutdncia do gradiémetro. Para maximizar a

transferéncia de energia L, e L, devem ter aproximadamente o mesmo valor. Para
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o caso particular dos rf-SQUIDs da Biomagnetic Technologies, Inc. L, é igual a
2uH. A indutincia de uma bobina circular pode ser expressa como:

L=n?0047R (ln%}E —2) uH, (2.21)

onde, n é o niimero de voltas da bobina, R é o raio da bobina e p o raio do fio que
. compoe a bobina. Portanto, L, depende do nimero de bobinas, nimero de voltas

de cada espira da bobina e da sua drea. Assim, o valor de L, deve ser tal que:

o 8R
> n?0.047 R (zn7 ~-2) < 2uH. (2.22)

=0

Os gradiémetros sao construidos enrolando-se fio de niébio puro ou niébio-
titanio, com aproximadamente 0.1 mm de diametro, sobre um mandril cilindrico
de CELERON ou MACOR™, apés a confecgao em locais apropriados de sulcos
aonde serd colocado o fio. O fio é fixado ao mandril com cola tipo superbonder.
Note que a construgao real do gradidémetro projetado, obviamente nao vai atender
as equagoes do sistema (2.12), j4 que é fungao do processo de contrucio utilizado,
ea precisido usualmente alcancada é de decimos de milimetro. Isto acarretard
que, para um gradiémetro de segunda ordem, a rejeigio ao campo nao serd igual
a zero e a rejeicdo a derivada do campo também nao serd nula. O chamado

" desbalanceamento [79] de ordem zero corresponde a nao rejei¢ao total do campo e
o desbalanceamento de primeira ordem corresponde a nao rejeicao da derivada do
campo. Neste caso, devemos escrever o sistema (2.14) levando em consideragao as

diferentes 4dreas de cada bobina:

nvo + nlAl + nzAz ~0
n, A b, +ny, Ab, ~ 0. (2.23)

Podemos entao, representar um gradidmetro real como um gradiémetro ideal mais
o desbalanceamento, que é fungdo da ordem do gradiémetro. Um gradiémetro
de segunda ordem real pode ser representado como a soma de um gradiémetro
ideal mais uma pequena espira que corresponde a detecgao de parte do campo
e um pequeno gradidmetro de primeira ordem que corresponde a detecgao de
parte do gradiente do campo. Note, que este desbalanceamento estd relacionado a

resposta axial, ou seja, na direcao z do gradiémetro. Além disso, existe também o
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desbalanceamento relacionado ao nao perfeito alinhamento dos planos das bobinas
isto é, nas direcoes z e y.

Para compensagao dos desbalanceamentos, virias técnicas podem ser uti-
lizadas [9,22|. A mais simples e bastante confidvel consiste no deslocamento dentro
do gradiémetro de pegas supecondutoras [80]. Como, devido ao efeito Meissner, no
interior das pequenas pegas o campo é nulo, sua aproximagao as espiras tera o efeito
de drea negativa compensando assim os erros no processo de construcdo. Pode ser
observado no sistema (2.23) que atuando nas 4reas estaremos afetando tanto o
desbalanceamento de ordem zero como o de primeira ordem. Para a precisao
usualmente alcancada na confec¢ao dos gradiémetros com didmetros variando en-
tre 1.5 e 3 ¢m, sao utilizados discos de chumbo entre 0.4 e 1 ¢m de didmetro, para
o balanceamento axial. Para o balanceamento em relagao aos planos das bobi-
nas sao utilisados 2 pequenos retangulos posicionados perpendicularmente um ao

outro, com os lados variando entre 0.3 X 0.6 cn e 0.7 x 1 em.

2.3 - Testes de Performance e Calibracao

Foram contruidos, testados e comparados entre si, varios gradiémetros de
primeira, segunda e terceira ordens. Estes testes consistiram na avaliagao da
relagdo sinal-ruido do campo magnético gerado pelo coragao humano. Pode ser
constatado que cada ambiente terd o seu gradidmetro 6timo, jé que o seu projeto
é sempre uma solugao de compromisso entre sinal e ruido, e o ruido serd sempre
caracteristico do ambiente de medida. Para o caso de gradiémetros nao balancea-
dos, um gradiémetro de terceira ordem foi, para o nosso caso, e a escolha mais
conveniente, como pode ser constatado na Fig. 2.3.

Como a leitura na saida do SQUID é feita em Volts devemos transforma-
la para a unidade de campo magnético Tesla, j& que a transferéncia de fluxo do
gradidmetro ao SQUID depende da indutincia do gradidmetro usado. Esta trans-
formagdo pode ser feita através das seguintes calibragoes: aplica-se ao gradiémetro
um campo gerado por um dipolo magnético. O dipolo é realizado através de
um pequena bobina circular com didmetro bem menor do que o didmetro D do
gradiémetro, colocada axialmente & um distincia z ndo inferior a 10 vezes o raio
do gradiémetro. Mede-se a corrente aplicada a bobina e calcula-se o fluxo ¢(z)
que a bobina gera no gradiémetro:

pom . 428 4y -

51+ 57) (2.24)

¢(2) =

i 15



Fig. 2.3 - Comparacio de um sinal magnetocardiogrifico obtido por um gradiometro de
terceira ordem (a) e um gradidmetro de segunda ordem (b) sob as mesmas condicdes .

Observando a tensao na saida do SQUID e dividindo o fluxo no gra&iémetro pela
irea efetiva da primeira bobina, obteremos a relagio tesla/volt.

Um outro método que também pode ser utilizado, consiste na colocagao de
uma bobina em volta da cauda do dewar criogénico que contém o sistema. Move-se
a bobina ao longo do gradiémetro, até a saida do SQUID apresentar uma tensao
méxima. Da geometria do gradiémetro e da bobina, e das suas posigoes relativas,
a indutdncia mitua entre os dois pode ser calculada [81]. Multiplicando-se a cor-
rente na bobina pela indutincia mitua, tem-se o fluxo aplicado ao gradiémetro.
Dividindo o fluxo no gradiémetro pela 4rea efetiva da primeira bobina, obtere-
mos a relagio tesla/volt. Na Tabela 2.2 podem ser observados as calibragoes C
tesla/volt medidas para diversos gradiCmetros construidos no laboratério.

O método pelo qual se avalia a rejeicio de um gradiémetro a componente
espacialmente constante do ruido, consiste na geragao de um campo constante no
espaco, em uma frequéncia temporal conhecida, na regiao do gradiémetro. As
pecas supercondutoras sio entdo deslocadas no seu interior, de forma a anular o
campo aplicado. Foram contruidas no laboratério, dois tipos de bobinas para a
geracio deste campo uniforme. A primeira consiste em um par de Helmholtz com
aproximadamente 1 m de didmetro. A segunda consiste em um conjunto de quatro

bobinas quadradas [82] formando aproximadamente um cubo de 1 m de lado.
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Fig. 2.4 - Espectro de frequéncia de um gradidmetro segunda ordem balanceado.

TABELA 2.2
Ordem n;'s b:'s D(cm) L(uH) C
segunda 1,-2,1 0,5,10 1.5 0.4 6.5 x 10~8
segunda 3,-6,3 0,5,10 1.5 1.5 2.9 x10°8
segunda 4,-8,4 0,4,8 1.5 2.0 2.5 x 10~ 8
segunda 1,-2,1 0,510 3.0 0.8 2.3 x 1078
terceira 2,-3,2,-1 0,3.1,14.6,20 3.0 1.9 1.6 x 108

Tabela 2.2 - Calibracoes medidas de diversos gradiometros construidos. As cali-

bracoes estdo em ordem crescente de sensibilidade.

A uniformidade do campo gerado pelo segundo conjunto de bobinas é melhor que
10~* dentro de um volume de 10 x 10 x 10 ¢m no centro do cubo.

Na Fig. 2.4 pode ser observado o espectro de ruido de um gradiémetro de
segunda ordem balanceado. A linha de base do spectro é 50 T/ VHz.
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Definindo o desbalanceamento como o fator de rejeicao do gradidmetro ao
campo aplicado, temos que aplicando um campo em trés diregoes perpendiculares
" e sabendo sua intensidade, poderemos obter o valor da rejeigao. O valor ‘nor-
malmente conseguido estd na faixa de -60dB a -40dB, para gradi6émetros sem
balanceamento. Balanceando-se o gradiometro este fator pode chegar a -100dB.’

Um método pratico de se certificar que o gradiémetro estad bem balanceado é
o seguinte: além da eliminagio dos picos de frequéncia indesejaveis no seu espectro,
deve ser comparado o valor da linha de base em frequéncias mais altas, por exemplo
400-500 Hz com o valor da linha de base em baixas frequéncias, por exemplo 0-10

Hz. Se estes valores forem semelhantes o gradiémetro estd bem balanceado.
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3 FILTROS ESPACIAIS

Neste capitulo um novo modelo para gradiémetros, baseado em conceitos de
filtragem digital, é introduzido. Novos tipos de projeto sao propostos, a fungao
de transferéncia experimental é medida e também é rediscutida a calibragao do
sistema. Nas publicagdes [2], [3], [4], [5], [10] e [12] detalhes adicionais podem ser
encontrados. Vale ressaltar que até entao a descricao de um gradiémetro usado
por determinado laboratério era feita com base em suas caracteristicas geométricas

(didmetro, comprimento, ntimero de bobinas etc.)

3.1 - Caracterizagdo Usando a Transformada de Fourier

A relagao entre um gradidmetro e um filtro espacial pode comegar a ser
entendida se utilizarmos o chamado principio da reciprocidade [83- 85]. Note que
o campo produzido por uma espira quando percorrida por um corrente I é:

[Jon d 2 - 3

B(d) = oz1+(5) 177 (3.1)

onde d é a distancia ao ponto de medida e R o raio da bobina. O chamado campo
reciproco dado pela Eq. (3.1) tem a mesma dependéncia em R e em d que o fluxo
dado pela Eq. (2.3). Isto significa que, o fluxo induzido em uma espira por um
dipolo magnético colocado em seu eixo, cai com a distancia da mesma forma que
o campo axial que ela produz quando percorrida por uma corrente I. Utilizando
esta reciprocidade, estd esquematizado na Fig. 3.1 o fluxo induzido por uma fonte
dipolar, em uma dnica espira e em um gradiémetro de primeira ordem, em fungao
da distdncia.

Como pode ser observado, a sensibilidade do gradiometro a fontes mais
distantes é muito menor do que a de uma bobina. Podemos entao, associar o
gradidmetro a um filtro passa-perto. Este principio poderia ser bastante 1til
para se comparar o desempenho dos diversos tipos de gradiémetros. Contudo, o
principio da reciprocidade sé é valido para fontes que possam ser modeladas através
de dipolos magnéticos, que é o caso do ruido. No caso do sinal biomagnético, por
razoes fisicas, as fontes sio modeladas por dipolos de corrente [86- 87], que tem
uma dependéncia espacial diferente. Portanto nido podemos utilizar o principio

da reciprocidade para avaliar a discriminacao espacial efetuada por determinado
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Fig. 3.1 - Sensibilidade de um bobina e de um gradiometro de primeira ordem a uma fonte
dipolar em funcao da distancia.

gradiémetro. Este incoveniente pode ser superado se pensarmos no gradiémetro
com um filtro ndo no dominio das distidncias mas no dominio das frequéncias
espaciais (vide anexo 2). Além disso, o gradiémetro serd visto como um dispositivo
digital, que atua em pontos discretos no espaco (vide anexo 3)

O gradidmetro ¢é um dispositivo que amostra sinal e ruido variantes no
tempo, em pontos discretos no espago, que correspondem as posi¢oes das bobinas.
Portanto, trata-se de um amostrador espacial. O periodo de amostragem espacial
é dado pela distincia minima entre as bobinas A,. Além disso, é feita a soma
ponderada dos sinais amostrados em cada instante de tempo. Os fatores de pon-
deragao dependem da drea de cada bobina. Portanto, o gradiémetro ¢é um filtro
espacial nao recursivo. Isto pode ser melhor compreendido através dos seguintes
argumentos (vide anexo 5): os elementos basicos de uri filtro digital sdo o unit
delay o somador e o multiplicador. Portanto, filtros digitais sao colegoes de inter-
conexodes dos trés elementos acima [88]. Podemos encontrar no gradiémetro todos
os elementos corrrespondentes aos do filtro digital. O periodo de amostragem A,
corresponde ao unit delay . O fato das bobinas estarem enroladas em série cor-
responde ao somador. Finalmente, o fato de medirmos o fluxo, que em primeira
aproximagao é o campo multiplicado pela drea de cada bobina, corresponde ao mul-
tiplicador. Parece entdo apropriada, a utilizagio de um formalismo matemadtico

digital para descrever o sensor gradiométrico.

20



Dentro deste formalismo, a saida de um filtro nao recursivo também chamado

moving average filter pode ser expressa como [89]:

Ym = i hiZm s (3.2)

1= - oo

Este procedimento define um novo conjunto de numeros y,, provenientes do con-
junto z,,, que corresponde a entrada do filtro amostrada em intervalos constantes.
Os fatores de ponderagao h; determinario a caracteristica do filtro. A grande
vantagem da utilizagao deste formalismo estd no fato de podermos caracterizar o
gradiémetro e portanto a sua atuagio, independente de qualquer suposigao prévia
sobre o comportamento espacial de sinal e ruido (vide anexo 3). Esta caracte-
rizagao se dard através de uma funcao de transferéncia no dominio das frequéncias
" espaciais. .

Para o caso do gradiémetro, assumimos que as linhas de base b; podem ser
expressas como miultiplos do periodo de amostragem A,, b; = f;],, onde B; sao
valores inteircs. O sinal detectado pelo gradidmetro na posicio z,,, assumindo

um numero infinito de bobinas é :

$zn) = A f: n,B(z, — &), (3.3)

1= - 00

ou considerando a natureza digital do sistema,

[~ <]
¢m =A E n,'Bm_{, (34)
= -
onde A € a drea do gradidometro, n,; é o numero de voltas de cada bobina e B,, _,
é o valor do campo magnético na i-ésima bobina em algum instante do tempo e
numa dada posi¢ao m.

Se aplicarmos a transformada discreta de Fourier (DFT) na Eq. (3.4) tere-

mos:
F(¢m) =F(A Y nBn_i) (3.5)
i Pme imEr = 4 i i n; B, _;e” ™k, (3.6)



Invertendo a ordem dos somatdrios e apés algumas manipulagoes na Eq.

obtemos:

—jka
B, e ',

[]¢

0
§ ¢me-3mkA, = A § n,'e"‘k'\'

m=— o0 1=~ 00 m

- CO

®(k) = AH(k)B(k),

(3.8)

onde ®(k) e B(k) sao respectivamente a DFT da saida e da entrada do filtro

(gradiémetro) e H(k) é a sua fungio de transferéncia. Portanto a fungio de trans-

feréncia espacial de um gradiémetro ¢é a DFT do conjunto representado pelo

nimero de voltas de cada bobina. Como no gradiémetro real temos somente

(N +1) espiras,

N
HK) = 4 neem3e-.
1=0

(3.9)

O espectro de Fourier de um sinal distante sé tem componentes de baixas

frequéncias espaciais, enquanto que um sinal préximo tem componentes de baixas

e altas frequéncias (vide anexo 3). Portanto, a discriminagao espacial é realizada

porque o gradibmetro atua como um filtro passa-alta frequéncia espacial (Fig.

3.2).
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Fig. 3.2 - Funcoes de transferéncia de gradiometros de primeira, segunda e terceira ordens.
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3.2 - Projeto de Filtros Espaciais

Serd visto como projetar novas e tradicionais configuracoes de gradiémetros
utilizando técnicas de filtragem digital. As configuragoes tradicionais aparecem se
for utilizado um procedimentd que parte de projetos de filtros analégicos para se
chegar as realizacoes digitais. Novas configuracoes aparecerao se forem utilizadas
diretamente técnicas de projeto de filtros digitais.

As configuragoes tradicionais [79] s3o obtidas se a seguinte técnica de projeto

for utilizada para projetar filtros passa-alta. A condi¢do que garante a eficicia de
um filtro passa-alta smooth é:

aa
ke

H(0) =0, a=0,. ,N-1 (3.10)

onde N é a ordem do filtro. A Eq. (3.10) mostra que se as sucessivas derivadas
da fungao de transferéncia na origem (k = 0) s3o nulas, sua banda de rejeigao se
torna mais plana. Esta condi¢ao no formalismo de filtragem, é idéntica a condigao
(2.12) obtida no formalismo de Taylor (vide anexo 2).

Como jé foi mencionado, um método de projetar um filtro digital é achar a
fungao de transferéncia apropriada, H(s), no dominio de Laplace usando a teoria
clédssica de filtragem. O projeto analdgico é entdo transformado em uma realizagao
digital [90]. Um possfvel projeto que tem a banda passante da funcao de trans-
feréncia plana é conhecido como Butterworth. Contudo a condi¢do expressa na
Eq. (3.10) requer a banda de rejeicao plana. Apesar disso, o polindmio de But-
terworth, H,(s), ainda pode ser utilizado para projetar a fungdo de transferéncia
desejada, H,(s) da seguinte forma :

H(s)=1- H,,l(s) (3.11)
Podemos escrever H,(s) como:
Hy(s) = ———1—, (3.12)
1-—s¥
substituindo a Eq. (3.11) em (3.10) te?nos,
H,(s) =s". (3.13)

Este H,(s) assegura uma fun¢io de transferéncia com a banda de rejei¢do plana,

j& que obedece a condigdo expressa na Eq. (3.10).
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A realizagao (3.13) do gradiémetro pode ser feita utilizando alguma das
transformagoes do dominio de Laplace para o dominio digital. Isto consiste em
substituir a equagao diferencial relacionada com H, (s) por uma equagao diferenca.

Isto é feito realizando a seguinte substituigdo de varidveis (vide anexo 5):
s=1-2"% (3.14)

onde z é a varidvel no dominio digital (2 = e’**+). Portanto, H(z) pode ser escrita

€omo:
H(z)=(1-2z%)" (3.15)
Por exemplo para N = 1 teremos:
H(z)=1-2z""1, (3.16)
para N = 2, — .
H(z)=1-2z"' 4272, (3.17)

e assim sucessivamente. Estas expressoes dos filtros nao recursivos, tem embutidas
todos os elementos necessdrios & construgao do gradidmetro. O primeiro elemento
da Eq. (3.17) representa a primeira bobina com 1 volta. O segundo, uma bobina
com 2 voltas em sentido oposto a um distancia A, da primeira. Finalmente o ter-

ceiro, uma bobina com 1 volta no mesmo sentido da primeira e a 2 A, da primeira.

Assim, as mesmas configuragoes utilizando a Eq. (2.13) s@o obtidas com este novo

formalismo, s6 que agora de uma forma mais geral e com uma justificativa légica.

Se utilizarmos agora uma técnica de projeto que use diretamente conceitos
de filtragem digital, obteremos novos tipos de filtros espaciais passa-alta que nao
chamaremos mais de gradiémetros, mas de diferenciadores. A diferenga entre um
gradiémetro e um diferenciador é que o gradiémetro somente funciona com um
diferenciador para sinais de baixa frequéncia espacial (vide anexo 5).

Como ja foi visto, a expressao geral para um filtro nao recursivo é dada
pela Eq. (3.2), onde os coeficientes h; devem ser considerados como as areas das
bobinas do sensor. Estes coeficientes podem ser obtidos diretamente, calculando-se
a transformada de Fourier inversa de H(k):

A, el

h, = = k) e'*r dk. 3.18
e _'“.H()e (3.18)
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O diferenciador tem como fungao de transferéncia H(k) = jk. No dominio digital
teremos:
H(k) = jk, ' para —7/A, <k<7/],. (3.19)

Substituindo a Eq. (3.19) na Eq. (3.18), efetuando a integragao , e truncando o

resultado para um numero N finito de bobinas, teremos:

h; = ( parat=1,...,N (3.20)

eparat = 0, h; = 0. A truncagem desta sequéncia vai resultar em um fungao
de transferéncia com uma caracteristica oscilatéria. Entretanto, os ripples podem
ser virtualmente eliminados ao se utilizar uma técnica de janelamento diferente.
Repare que ao trucarmos a sequéncia (3.20) estamos usando uma janela que tem
o valor 1 no intervalo ¢t = 1,..., N e zero no resto. Se ao invés do fator 1, usarmos

um janela de Hamming dada pela expressao :
Y s . \
w; = 0.54 + 0.56cos(]—v-), parai =0...N, (3.21)

e multiplicarmos cada termo de (3.20) pelos termos correspondentes em (3.21),
obteremos a fungdo de transferéncia (linha continua) mostrada na Fig. 3.3. A
linha pontilhada na mesma figura é a de um diferenciador ideal. Como pode ser
observado, o resultado é bastante satisfatério. Também esta mostrada na Fig. 3.3
a caracteristica (trago-ponto) de um gradiémetro de primeira ordem. Note que
para baixas frequéncias a fun¢ao de transferéncia de um gradiometro é igual a
de um diferenciador. No inset da Fig. 3.3 estdo desenhados esquematicamente
um gradidometro de primeira ordem n, = 1, n, = —1, bl = b e um diferenciador
nye = 0.25, n, = -05,n, =1, n; = -1, ng =0.5, ny = —0.25, b, = b, b, = 2b,
by = 3b, b, = 4b ¢ by = 5b. - |

Pelo menos teoricamente, os diferenciadores sao filtros com desempenho su-
perior aos gradiémetros. Isto porque, para baixas frequéncias, o desempenho é o

mesmo, e para altas frequéncias o ganho € maior.

3.3 - Medida da Funciao de Transferéncia

Apés estas consideragoes tedricas, onde se obteve a fungao de transferéncia de

um gradiémetro, ou de forma mais geral, de um filtro espacial, parece interessante
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Fig. 3.3 - Funcoes de transferéncia de um diferenciador ideal, um diferenciador com um
nimero de bobinas finito e um gradiometro de primeira ordem.

que essa fungao de transferéncia, uma vez construido o filtro, possa ser medida.
Isto pode ser realizado, aplicando-se um sinal conhecido ao filtro, ¢ medindo-se
a sua resposta como fungdo de uma coordenada espacial (vide anexo 4). Como
mostrado em (3.8), se dividirmos a transformada de Fourier do sinal de saida
®.., (k) medido, pela transformada de Fourier do sinal de entrada B(k), estaremos
por definicéo , obtendo a funcao de transferéncia real H.., (k) do filtro:
.., (k)

B(k)
A magnitude de H, (k) poderd ser entao comparada com a magnitude da fungao de

transferéncia tedrica, obtida através da DFT dos coeficientes do filtro (gradiéme-
tro).

H..,(k)= (3.22)

A saida do gradiémetro € a soma dos sinais detectados por todas as bobinas.
A entrada serd considerada como o sinal detectado somente pela primeira bobina
do gradiémetro. O sinal de entrada utilizado, serd a distribuicao espacial do campo
magnético gerado por uma bobina. As dimensces desta bobina serdo escolhidas
conforme os seguintes critérios. O raio da bobina deve ser grande o suficiente, de
forma a permitir o seu deslocamento através do dewar (Fig. 1.1). Este desloca-
mento € necessario para termos um valor para a saida em varios pontos no espago.
Contudo, o raio deve ser pequeno o suficiente para gerar um distribuigao espacial
apropriada para a transformada de Fourier, de forma a evitar o efeito conhecido
como altasing. Uma simulacdo em computador foi feita e um bom compromisso
foi alcangado com um raio de cerca de 15 cm.

Uma estrutura foi construida de forma fixar a bobina em relagao ao plano

z — y, permitindo somente movimentos ao longo do eixo do gradiémetro 2. O
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dewar contendo o gradiémetro, é colocado em um suporte concéntrico em relacao
a bobina. A bobina entio é deslocada de uma posigao 1 m abaixo do centro do
gradidmetro A mesma posigdo acima do centro. A bobina é deslocada em passos
de 2.5 cm quando longe, e 1 cm quando perto do gradidmetro. Uma corrente de
baixa frequéncia é aplicada & bobina, e o resultado na saida do SQUID é lido com
ajuda de um amplificador lock-in . Foram obtidas varias fungoes de transferéncias,
como exemplo, pode ser visto na Fig. 3.4 as fungoes de transferéncias tedrica e

real de um gradidmetro de segunda ordem.

k(em)

Fig. 3.4 - Funcdes de transferéncia tedrica (linha continua) e real (linha pontithada) de um
gradiometro de terceira ordem.

Uma observagao interessante pode ser feita através da Fig. 3.4. Em primeiro
lugar, a parte de baixas frequencias H.,,(k) é bem diferente da caracteristica
teérica devido ao desbalanceamento do gradiémetro. Além disso, o valor do des-
balanceamento de ordem zero pode ser obtido diretamente da curva j& que é igual
a |H(0)].

Foi proposto entao (vide anexo 5), a mudanga da terminologia tradicional-
mente usada para descrigao do gradiémetro. A magnitude da Eq. (3.15) pode ser

expressa em decibéis como:

|H(e’***)| = 20 log[2" sen™ (k),/2)] dB, (3.23)
onde N é a ordem do gradiémetro. Em geral a magnitude é dividida em trés partes:
a banda de rejeigdo, a banda de transicio e a banda de passagem. A banda de
rejeicao € especificada em termos da méxima rejeicao conseguida pelo filtro. Isto

no nosso caso ¢ dado por |H(0)|. Por exemplo, o gradiémetro da Fig. 3.4 propicia

i 27



uma rejeigao de 40dB. A ordem do gradiémetro estd diretamente relacionada com

a sua banda de transi¢ao que pode ser especificada pelo seu rolloff:
—20 N dB/década.

A frequencia de corte k. do filtro que é funcao da linha de base pode ser expressa

como:
k.= (2/X,) sen™'{(0.707)*/¥ | em~*.

Finalmente o éanho méximo serd dado por:
H(k,,) =201log(2") dB,

onde k,, = m/A,. Por exemplo um gradiometro de segunda ordem com d&rea
unitdria, com n; =1, n, = -2, ng = 1, b, = 5¢m e b, = 10em, seria especificado
por um rolloff de -40 dB/decada, uma frequéncia de corte igual 0.4 ¢crm™! e um

ganho méximo de 12. -

3.4 - Calibragao

Na segao anterior vimos como medir experimentalmente a funcao de trans-
feréncia de um gradiémetro. Deve ser lembrado porém que a saida do SQUID é
uma tensao, portanto precisamos converté-la em campo antes de compararmos as
duas curvas. Isto pode ser feito através dos métodos apresentados na segao 2.3.
Contudo, foi observado que a medida da fungao de transferéncia poderia ser uti-
lizada para determinar o préprio fator de calibragao, omitindo a conversao tensao
-campo e obtendo uma funcdo de transferéncia com a dimensao volt/tesla. Ajus-
tando a fungao de transferéncia experimental pela teérica, o fator de calibragao C
pode ser encontrado. Este procedimentc consiste em achar C' que minimiza o erro
experimental-teérico para uma determinada faixa de frequéncias.

Como as medidas sio feitas em pontos discretos do espago, tomou-se o
cuidado de tentar minimizar o nimero de pontos mantendo porém a precisao
desejada. Para gradiémetros de segunda ordem comumente usados por diver-
sos grupos de pesquisa (linha de base maior que 4 cm), contatou-se que uma
amostragem de 5 cm ¢é suficiente. Esta amostragem precisa se estender até que o
sinal de saida do SQUID seja desprezivel em relagao ao méximo sinal detectado,

normalmente 1% é considerado suficiente. Isto em geral acontece a cerca de 50 cm
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do centro do gradiémetro, totalizando portanto, 20 pontos a serem medidos. Os
métodos de calibragao descritos na se¢ao 2.3 tem no maximo uma precisdo de 10%. __
Esta baixa precisao provém basicamente, da incerteza na posicao do gradidmetro
que estd no interior do dewar criogénico. Contudo, esta precisao é suficiente para
sistemas monocanais jé que o erro serd o mesmo em todos os pontos de medida.
Para sistema multicanais, onde vérios sensores medem o campo simultaneamente
em diversos pontos do espago, um método com esta precisdo vai implicar em cali-
bragoes diferentes para posigoes diferentes, podendo alterar toda a medida [91]. O
método proposto de calibrar através da funcao de transferéncia, é independente
do exato posicionamento do gradiémetro dentro do dewar.Isto porque, qualquer
deslocamento constante na posigao do gradidbmetro quando transformado para o
espago de Fourier, se traduzird em uma defasagem. Como o ajuste é feito com os
médulos das fungdes de transferéncias, o método se torna insensivel a esta impre-
cisao. Uma outra vantagem da utilizagdo deste método estd no fato de podermos
também calibrar gradidmetros planares com o mesmo procedimento. A precisao
alcangada pode aumentar em mais de uma ordem de grandeza em relacao aos

métodos convencionais como ilustra a Fig. 3.5.
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Fig. 3.5 - Calibracdo em funcio de banda de ajuste para um gradiometro de segunda ordem

balanceado.
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Note que para cerca de 50% da banda de utilizagdo do gradidmetro (0-30

m~') temos uma incerteza de 5 em 2700 o que corresponde a cerca de 0.2% . Na

Tabela 3.1 estao recalibrados todos os gradidmetros apresentados na Tabela 2.2.

Note que existem erros na primeira de até 10%.

TABELA 3.2
Ordem n,'s b;'s D(cm) L(uH) C
segunda 1,-2,1 0,5,10 1.5 0.4 6.4752z10°%
segunda 4,-84 0,4,8 1.5 2.0 2.710z10° 8
segunda 1,-2,1 0,5,10 3.0 0.8 2.304z10°8
terceira 2,-3,2,-1 0,3.1,14.6,20 3.0 1.9 1.425210°8

Tabela 3.1 - Calihracoes medidas com o metodo da funcao de transferéncia de diver-

sos gradiometros construidos. As calibracbes estdo em ordem crescente de sensibilidade.
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4 GRADIOMETROS PLANARES

Neste capitulo o modelo de filtragem digital é estendido para gradiometros
planares, o projeto de arrays é discutido e um algoritmo de desconvolugao é intro-
duzido possibilitando a recuperagio do sinal original. As publicagdes [6], [7], (8],

[9] e [11] contém detalhes adicionais.

4.1 - O Gradiometro Planar como um Filtro Espacial

Um grande avango tecnolégico estéd sendo obtido com o uso de técnicas de
deposicao de filmes finos para a fabricacao de dc-SQUIDS e consequentemente de
gradiémetros [92- 98). Como em geral esta deposi¢ao se d4 sobre uma placa de
silicio, a configuragao destes gradiémetros é planar. Na Fig. 4.1 estao esquemati-
zados dois projetos de gradiémetros planares de geometria linear. Para este caso,
quando as espiras estao posicionadas em uma sé diregao, a aplicagao do modelo de
filtragem espacial desenvolvido para gradiémetros axiais é direto. A amostragem
espacial ocorre agora em uma diregao do plano, z por exemplo, portanto a mesma
expressao (Eq. 3.9) usada para a fungio de transferéncia de gradidmetros axiais

serve para gradiometros lineares.

N
=
< G
z

£

Fig. 4.1 - Projetos de gradiometros planares.

Devido ao fato de todas as bobinas do gradidmetro estarem em um mesmo
plano, nio existe, como no caso axial, uma bobina mais sensivel ao sinal do que
as outras. Portanto, a saida do gradiémetro planar apresenta um sinal que é
resultado de somas e subtragdes de sinais ndo monoténicos. Uma anélise pode
ser feita comparando as sensibilidades de um gradiémetro planar de primeira or-

dem e um gradidmetro axial de primeira ordem (vide anexo 8). Esta andlise
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consiste no cédlculo das energias de entrada e saida dos gradiémetros no dominio
das frequéncias. A energia de entrada E; e de saida E,, podem ser calculadas
integrando o quadrado do médulo da transformada de Fourier espacial dos sinais
de entrada B(k) e saida (k) (teorema de Parseval) [99]:

aa/wwwwﬁ, (4.1)

&a/w@RW%. (4.2)

[~ <]

Assumindo que os dois gradiémetros tem a mesma linha de base, a rejeicao
ao ruido serd a mesma, portanto podemos nos concentrar somente no sinal a ser
detectado. Para uma fonte que pode ser modelada por um dipolo de corrente a
uma disténcia igual a linha de base, a Fig. 4.2a mostra o espectro da entrada (linha
continua) e saida (linha pontilhada) do gradiémetro axial e a Fig. 4.2b mostra
o espectro da entrada (linha continua) e saida (linha pontilhada) do gradiémetro
planar. Somente por inspecao visual das duas figuras pode ser constatado que o
conteudo espectral da entrada e saida do gradidmetro planar é bastante semel-
hante.

Para uma linha de base igual a2 3 ¢cm e uma distdncia do dipolo também
igual a2 3 cm, o gradiémetro axial tem na sua saida 35% a menos de energia que a
entrada, jd o gradiémetro planar tem um ganho de 10% de energia. Se a distdncia
for aumentada para 6 cm, o gradiometro axial tem uma perda de 85% e o planar
de 65%.

Na Fig. 4.3 estd um sinal, gerado pelo coragao humano, obtido através de um
gradidbmetro planar, confeccionado com fio supercondutor, construido no IESS-

CNR com bobinas de 1 ¢m de didmetro e 2 cm de linha de base (vide anexo
7).

4.2 - Projeto de Arrays

Uma das grandes vantagens da fabricagdo de gradidmetros através da técnica
de deposicao de filmes fino estd no alto grau de balanceamento intrinseco al-
cangado, tipicamente 10~ *. Isto permitird a fabricagao de arrays com um nimero
elevado de gradi6émetros, sem o uso de técnicas de balanceamento.

Para projetarmos arrays de gradiémetros planares (vide anexo 11), vamos

supor que as dreas de cada bobina sao infinitesimais, portanto estaremos somente
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Fig. 4.2 - Espectro de entrada (linha continua) e saida (linha pontilhada) de um dipolo de
corrente detectado por um gradiémetro axial (a) e um gradidmetro planar (b) com linha
de base igual a distdncia do dipolo

preocupados com a sua distribuigao espacial. Pelo fato do gradiémetro ser linear,
podemos nos concentrar somente no projeto de uma linha do array. O projeto
serd feito analisando a distribuicao espacial de um dipolo de corrente, que é o
modelo de fonte mais utilizado em biomagnetismo. Na Fig. 4.4 estdo varias
saidas de diferentes gradidmetros planares para um dipolo de corrente orientado
perpendicularmente ao eixo do gradiémetro.

O comprimento L do array corresponde ao tamanho da linha de gradiémetros.
Este valor pode ser obtido utilizando-se o teorema de Parseval e escolhendo L de

forma que a linha de gradidmetros seja capaz de detectar 99% da energia total

33-



-20 . 1 1 1 1 s A 4 1 3
o 400 200 300 400 S00 600 700 B00 SO0 1000
ms

Fig. 4.3 - Sinal magnetocardiografico obtido com gradidometro planar no IESS-CNR.
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Fig. 4.4 - Campo versus posicdo para um magnetémetro a}, gradiometro planar de primeira
b) e segunda c) ordem. A fonte detectada é um dipolo de corrente.

do sinal:
L2

%%FI&MPh=/ | B.(z) [ dz. (4.3)

-L/2
Para gradiometros planares com comprimento total de 2 cm, e para um
dipolo a uma profundidade de 3 cm, os valores de L que satisfazem a Eq. 4.3 sao

32 cm, 16 cm e 12 cm para respectivamente arrays de magnetdmetros, gradiémetros
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de primeira e segunda ordem. Para uma fonte a 7 cm de profundidade, os valores
de L sio respectivamente 52 cm, 30 cm e 20 cm. Como pode ser observado, um
array de gradidmetros pode ser bem menor que um array de magnetometros.
Também pode ser notado que o tamanho diminui quando a ordem do gradiémetro
aumenta.

Uma vez escolhido o comprimento da linha de gradiémetros, devemos deter-
minar o niimero de gradidmetros e consequentemente a distdncia entre eles. Para

isto usamos novamente o teorema de Parseval para o dominio das frequéncias:

99% /_w | B(k) |* dk = /F | B(k) 2 dk, (4.4)

oo - F

Deseja-se determinar F de forma que 99% da energia do sinal esteja pre-
sente. Ao se determinar a componente de mais alta frequéncia espacial F' presente
no sinal, aplica-se o teorema de Nyquist, por exemplo 0.8 P, para determinar o
periodo de amostragem da linha de gradiémetros, onde P é 1/F. Os periodos
de amostragem deverao ser respectivamente 2.5 cm, 1.7 cm e 1.2 cm para mag-
netometros, gradidmetros de primeira e segunda ordem.

Note porem que existe uma sobreposigao de gradidmetros ja que a linha de
base é maior que a distincia de amostragem. Isto significa dizer que construir um
array para detectar uma fonte dipolar com essa profundidade serd muito dificil. A
profundidade minima para a nao ocorréncia de sobreposigao em pelo memos arrays
de primeira ordem € de 4.5 cm. Com esta profundidade temos os respectivos peri-
odos de amostragem para arrays gradidmetros de primeira e segunda ordens: 2.5
cm e 1.7 cm. Contudo, devemos lembrar que quando a drea de cada bobina for le-
vada em consideragao ,, a dependéncia espacial se tornard menos ripida e portanto

fontes mais superficiais provavelmente poderdo ser detectadas com o array.

TABELA 4.1

magnetometro grad. la ord. grad. 2a ord.

L (3.0c¢m prof.) 32cm 16cm 12em
L (7.0cm prof.) 52cm 30cm 20ecm
P (3.0cm prof.) 2.5em 1.7e¢m 1.2¢cm
P (4.5 cm prof.) 25cm 1.7¢em

Tabela 4.1 - Parametros de projeto para arrays de magnetometros, gradiometros de

primeira e segunda ordem.
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A Tabela 4.1 resume os resultados encontrados. Para gradiometros de

primeira ordem, o array deve ter 30 cm de comprimento com 12 gradidmetros
separados por 2.5 cm.

4.3 - Recuperacao do Sinal de Entrada |

Como jé foi dito na segao anterior, no gradiémetro planar nao existe uma
bobina mais sensivel ao sinal do que as outras. Como consequéncia, a inspegao
visual do sinal obtido é de dificil interpretagao, sendo neste caso dificil distinguir-se

mesmo uma fonte simples, como o dipolo de corrente (Fig.4.5).

€6 3 -z 0

Fig. 4.5 - Isocampos da saida de um gradidmetro axial (a) e de um gradidémetro linear (b).

Como foi discutido na segao 3.1, a transformada de Fourier de saida do
gradidometro ¢é igual ao produto da fungio de transferéncia pela transformada
de Fourier da entrada. Portanto a seguinte relagdo também é vélida (vide anexo
6):

B(k) = ®(k)/ AH (k), (4.3)

Portanto, dado que H(k) seja diferente de zero, poderemos a partir do sinal

de saida obter o sinal de entrada através de:

B.(z) = 51; /_ Z % et dk. (4.4)

No caso de uma amostragem continua, B, (z) pode ser recuperado com a precisao

desejada, dependendo somente da precisao numeérica utilizada.
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Para o caso discreto (vide anexo 9), simularemos a recuperacao do campo

magnético de um dipolo de corrente detectado por um array de 7 x 7 gradiémetros -—

lineares de primeira ordem. O dipolo foi posicionado em uma diregao perpendicular

a0 eixo do gradiémetro e a z, ¢ abaixo. A dependéncia espacial do campo é dada

pela lei de Biot-Savart, que aplicada a este caso consiste na seguinte expressao :

B,(z) = (z — %)

: . (4.5)
[(z = Zo)? + yo? + 202 °/*
A saida serd dada entdo por:
¢(z) = A[B.(z) — B.(z — A,)], (4.6)
6_‘6 -4 -2 O 2 4 ?6 9-9 -6 -3, (‘J 3 6 99
4L / \_4 5:’,' ’—_\\ 526
2 //—\ -2 3- s ;-3
N I ’\\:\l\\ | o
0 -~ - -0 o> Voo S0
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S = 0z 1 6° "% T% 3 0 3 6 9°

Fig. 4.6 - Campo recuperado depois de detectado por um array de gradiometros planares

de primeira ordem corretamente projetado (a) e com um periodo de amostragem maior que

o correto (b).

Neste caso em que a saida s6 esta disponivel em pontos discretos do espago,

deve se tomar o cuidado de projetar o array de forma a nao causar o efeito de

aliasing. Na Fig. 4.6a pode ser visto o campo recuperado depois de detectado

por um array de 7 x 7 gradidmetros planares de primeira ordem. Na Fig. 4.6b

note o efeito da utilizagao de um periodo de amostragem maior que o correto.
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5 DISCUSSAO

5.1 - Perspectivas -

Com a recente descoberta de 6xidos cerdmicos supercondutores em 1986-
1987, materiais com temperaturas criticas acima de 100 K j& estao bem estab-
elecidos. De todas as provaveis e fantdsticas aplicagoes que esses novos materiais
podem ter, as mais imediatas sdo precisamente o SQUID e os gradiémetros, dev-
ido a sua operagao com baixas correntes criticas. Portanto, imediatamente apds
a descoberta, varios SQUIDs foram construidos por diversos grupos de pesquisa:
IBM [100], Hitachi Corporation [101] , Tsukuba University {102], NBS/NIST [103]
and University of Strathclyde [104]. Até entdo estes dispositivos sé serviram para
demonstrar os efeitos Josephson e de interferéncia quintica nestes novos super-
condutores. Contudo, uma recente publicagao [105] do grupo da IBM relata a
utilizacao de um SQUID imerso em nitrogénio liquido com um nivel de ruido
similar ao do rf-SQUID para uma faixa de frequéncias acima de 10 Hz.

O grande progresso da medicina moderna se deve nao tao somente ao desen-
volvimento de novas tecnologias mas também ao desenvolvimento de uma série de
técnicas de obtencdo de imagens que dao informagoes anatémicas e morfolégicas
como a tomografia de raio-x computadorizada (CT scan), ressondncia nuclear
magnética (NMR), tomografia por emissdo de pésitrons (PET), ultrasonografia
colorida, etc... O eletrocardiograma e o eletroencefalograma, embora extrema-
mente Gteis para o estabelecimento de diagnéstico clinico por darem informagoes
sobre a fung¢do do coragao e do cérebro, utilizam até hoje os mesmos métodos de
registro e tratamento de sinal de um século atrds, quando da sua invengao. Um
dos grandes objetivos da Magnetocardiografia e da Magnetoencefalografia é permi-
tir a obtengao da imagens dos processos funcionais de atividade elétrica cardiaca
e cerebral, dificeis de se obter através de eletrodos, com precisdo temporal de
milésimos de segundo e espacial de poucos milimetros. Para isso atualmente estd
sendo feito um grande esforgo no desenvolvimento de sistemas compostos de arrays
de gradiémetros, possibilitando assim, medidas simultineas em varios pontos do
espago [59-61].
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5.1 - Conclusao

O objetivo desta tese foi o estudo da deteccao de campos magnéticos fra-
cos através da utilizagao de gradiémetros supercondutores acoplados a SQUIDs
e sua aplicagao ao biomagnetismo. Um novo modelo teérico para descricao do
gradidmetro foi desenvolvido com a obten¢do da sua funcao de transferéncia es-
pacial. Através desta fungao de transferéncia a atuagao do gradiémetro sobre os
sinais detectados pode ser quantificada. Além disso, foi desenvolvido um proce-
dimento para a medida experimental da funcdo de transferéncia, onde as imper-
feigoes no processo de construgao do sensor podem ser medidas e avaliadas. Foi
proposta uma nova terminologia para descricao do gradidmetro ao invés de sua
descrigao fisica. Nesta terminologia o gradiémetro ficard especificado pelo seu
rolloff, frequéncia de corte espacial e ganho médximo. Também foi generalizado o
método para projeto de gradiémetros onde novas configuragées podem ser cons-
truidas e testadas. A partir da obtengao desta fungao de transferéncia um método
para calibragédo tesla/volt do sistema foi desenvolvido, com uma precisdo até entao
nao alcancada por outros métocos e perfeitamente apropriado para utilizagao em
sistemas multicanais. Finalmente foi desenvolvido um algoritmo de desconvolugao
para, a partir de sinais detectados com gradidmetros planares, recuperar o sinal
original como ele tivesse sido detectado somente por uma bobina. Este algoritmo

também pode ser utilizado para auxilio no projeto de arrays destes gradiometros.
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6

PUBLICACOES

6.1 Lista de Publicaces

. A Symmetric Third Order Gradiometer Without External Balancing for

Magnetocardiography, A.C. Bruno and P. Costa Ribeiro Cryogenics 23, 346
(1983).

. Spatial Discrimination: An Alternative Approach, A.C. Bruno, P. Costa

Ribeiro, J.P. von der Weid and I.R. Eghrari, Biomagnetism: Application
and Theory H. Weinberg, G. Stroink, and T. Katila (Eds.), Pergamon Press,
(1985) p. 60

. Discrete Spatial Filtering with SQUID Gradiometers in Biomagnetism, A.C.

Bruno, P. Costa Ribeiro, J.P. von der Weid and O.G. Symko, J. Appl. Phys.
59, 2584 (1986).

. Spatial Fourier Transform Method for Evaluating SQUID Gradiometers, P.

Costa Ribeiro, A.C. Bruno, C.C. Paulsen and O.G. Symko, Rev. Sei. In-
strum. 58, 1510 (1987).

. Digital Filter Design Approach for Squid Gradiometers, A.C. Bruno and P.

Costa Ribeiro, J. Appl. Phys. 63, 2820 (1988).

. Planar Gradiometer Input Signal Recovery Using a Fourier Technique, A.C.

Bruno, A.V. Guida, and P. Costa Ribeiro, Biomagnetism’87 K. Atsumi et
al. (Eds.), Tokyo Denki University Press (1988) p.454

. Experimental Localization Ability of Planar Gradiometer Systems for Bio-

magnetic Measurements, A.C. Bruno, V.Pizzella, G. Torrioli and G.L. Ro-
mani, IEEE Trans. Magn. MAG-25 (2), 1170 (1989).

. Neuromagnetic Localization Performed by Using Planar Gradiometer Con-

figurations, A.C. Bruno and G.L. Romani, J. Appl. Phys. 65, 2098 (1989).

. Spatial Deconvolution Algorithm for Superconducting Planar Gradiometer

Arrays, A.C. Bruno and P. Costa'Ribeiro, IEEE Trans. Magn. MAG-25
(2), 1216 (1989).
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10. Spatial Fourier Technique for calibrating Gradiometers, A.C. Bruno, C.S.
Dolce, S.D. Soarez and P. Costa Ribeiro, Advances on Biomagnetism S.J. _
Williamson (Ed.), Pergamon Press (in press)

11. Designing Planar Gradiometer Arrays : Preliminary Considerations, A.C.
Bruno and P. Costa Ribeiro, Advances on Biomagnetism S.J. Williamson
(Ed.), Pergamon Press (in press)

12. Spatial Fourier Method for Calibrating Multichannel. SQUID Magnetometers,
A.C. Bruno and P. Costa Ribeiro, (submetido ao Rev. Sci. Instrum.)

Estas publicacoes foram resultado de um trabalho de equipe, executado pelo
Grupo de Biomagnetismo no Laboratério da Matéria Condensada do Departa-
mento de Fisica da Pontificia Universidade Catélica do Rio de Janeiro [1], [2],
3], (4], [5], [6], [9], [10], [11] e [12] e pelo Grupo de Biomagnetismo do Istituto di
Elettronica dello Stato Solido, Consiglio Nazionale delle Ricerche, Roma, Italia |7]

e [8]. Todas estas publicagoes foram preparadas e escritas por mim.

6.2 - Resumo das Publicacgoes

1. A Symmetric Third Order Gradiometer Without External Balanc-
ing for Magnetocardiography.
Um estudo de viabilidade foi feito para a operagao de um gradiémetro nao
balanceado e utilizado com 0 SQUID num ambiente nao blindado magnetica-
mente. Este artigo compara empiricamente as performances de gradiémetros
de segunda e terceira ordens e também apresenta um procedimento geral para

projeto de gradidmetros de terceira ordem.

2. Spatial Discrimination: An Alternative Approach.
O tratamento de gradiémetros como filtros discretos espacias nao recursivos
é proposto. Esta abordagem torna possivel uma descrigao analitica da fungio
de transferéncia do gradiémetro, que é a melhor caracterizacado de qualquer
instrumento de medida.

3. Discrete Spatial Filtering with SQUID Gradiometers in Biomag-
netism. '
Gradiometros de primeira, segunda e terceira ordens utilizados em biomag-
netismo sao analisados como filtros espaciais. As suas fungoes de trans-
feréncia independentes do sinal a ser medido sao apresentadas e suas am-
plitude e fase sao analisadas. Desta forma, a distorgao introduzida no sinal
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medido pode ser estimada. De forma a tratar o sinal sob mesmo formalismo,
a transformada de Fourier espacial de um sinal produzido por um dipolo de
corrente é discutida.

. Spatial Fourier Transform Method for Evaluating SQUID Gradio-
meters. —

Um método simples para se medir a fungdo de transferéncia espacial de um
gradiometro é apresentado e o resultado comparado com o modelo tedrico.
Baseado nesta abordagem, uma nova forma de se apresentar a performarce
de gradidmetros é rroposta; o fator de rejeicao é expresso em dB e obtido

diretamemte da fungao de transferéncia medida.

. Digital Filter Design Approach for Squid Gradiometers.

Uma revisao do método tradicional de projeto de gradidémetros é feita. Um
modelo nao recursivo digital para gradidmetros é apresentado, fornecendo
uma novo conjunto de parametros para a identificagao do gradidmetro. Al-
guns exemplos de gradidometros sao analisados usando o conjunto proposto.
Um diferenciador é projetado para ser usado em conjunto com o SQUID.
E mostrado que o diferenciador tem a mesma rejeicao para ruidos que um
gradiémetro- convencional mas tem uma maior sensibilidade ao sinal.

. Planar Gradiometer Input Signal Recovery Using a Fourier Tech-
nique.

O objetivo deste artigo é adaptar para gradiémetros planares o modelo de
filtragem espacial previamente desenvolvido para gradiémetros axiais. Este
modelo possibilitard a interpreta¢do do sinal na saida do gradiémetro sem
ser necessario fazer qualquer suposigao a respeito da fonte a ser medida.

. Experimental Localisation Ability of Planar Gradiometer Systems
for Biomagnetic Measurements.

A possibilidade de localizacao de fontes biomagnéticas por gradidémetros pla-
nares foi investigada. Um gradiémetro linear de fio supercondutor foi con-
struido e testado. A localizagao foi feita em um modelo e em humanos. A
precisao da localizagao nao foi afetada pelo uso da configuracao planar.

. Neuromagnetic Localization Performed by Using Planar Gradio-
meter Configurations.

A discriminagao espacial de gradiémetros axiais e planares foi comparada
utilizando um modelo de filtragem espacial. Medindo campos somatosenso-
riais evocados, dipolos equivalentes de corrente foram localizados utilizando
as configuragoes planares. As configuracoes foram obtidas combinando as
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10.

11.

12.

saidas de um sistema com quatro canais. Foi observado que com uma relagao
sinal-ruido apropriada, o uso das configuragoes planares nao afetou significa-
tivamente a precisdo dos resultados.

. Spatial Deconvolution Algorithm for Superconducting Planar Gra-

diometer Arrays.

Um modelo de filtragem espacial usado previamente para analisar gradiéme-
tros é aqui usado para estudar arrays de gradiémetros planares de primeira
ordem. Como uma aplicagao desta técnica um algoritmo de desconvolugao do
sinal de saida com a fungao de transferéncia do gradiémetro foi desenvolvido,
possibilitando assim a recuperacao do sinal na entrada do array. A influéncia
de pardmetros como profundidade da fonte e a densidade de gradiémetros no
array é discutida.

Spatial Fourier Technique for Calibrating Gradiometers.

Neste artigo é proposto um método geral de calibragao de gradidmetros axiais
e planares. O método é baseado numa técnica de Fourier espacial e no fato
do gradiémetro poder ser modelado como um filtro espacial.

Designing Planar Gradiometer Arrays : Preliminary Considera-
tions.

Neste artigo é iniciado um estudo sobre o projeto de arrays de gradiémetros
planares. Parimetros como tamanho do array, e espagamento entre os
gradiémetros sao discutidos.

Spatial Fourier Method for Calibrating Multichannel SQUID Sys-
tems.

Quando se utilizam sistemas multicanais para aplicagdes biomagnéticas, é de
extrema importdncia a estimagao correta da calibragao a tesla/volt de cada
canal, para se evitar erros quando da andlise dos resultados. Neste trabalho
é proposto um método geral para calibragao de sistemas multicanais que
fornece uma precisdo melhor que 1%.
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evimd

A feasibility study is being carried out on the operation of 3 SQUID gradiometer
without any balancing techniques in a non-shielded environment. This paper compares
empirically the performances of second and third order gradiometers; it also presents a
general procedure for the design of third order gradiometers, taking into account the
measured spatial dependence of the magnetic field of the human heart.

The performance of a third order gradiometer is very promising for a noisy
environment; it has a better low frequency noise rejection than the second order gradio-

meters tested, and needs no external balancing.

A symmetric third order gradiometer without
external balancing for magnetocardiography

A.C. Bruno and P Costa Ribeiro

Key words: superconducting devices, SQUID gradiometer, magnetocardiography

Since the late sixties when SQUID magnetometers
became available, various types of biomagnetic fields can be
measured. Due to the weakness of these fields in the presence
of environmental noise, various techniques have been
developed to increase the signal-to-noise ratio especially in
clinical applications. Basically there are two ways of
rejecting heavy urban magnetic noise: taking measurements
in magnetically shielded rooms.!? or by using gradio-
meters which will perform spatial discrj.mination against
stray magnetic fields from distant sources.?

The latter approach has been extensively reported in
recent papers.*>¢ However, to attain a good performance
in the low frequency region, complicated balancing
techniques”? have to be used to compensate against imper-
fections in the construction of the gradiometer.

Our approach does not rely on such balancing tech-
niques hence the overall system is easier to construct
and is free from trims, tabs, helmholtz coils, etc. Also our
system does not require balancing after each new helium
transfer.

The noise problem

The magnetic noise generated by distant sources
can be spatially approximated by the first two terms of a
Taylor’s series expansion'

By(z—24) = B,(zo) + Z( )

(4 —Zo) (l)

where 2, is the origin of the expansion.

A generation of first and second order gradiometers
has been designed based on this assumption. However,
unshielded environments often have noise sources which
cannot be modelled only by the first two terms of the
expansion above. This is the case when noise sources get
closer to the gradiometer. So, terms like the second order
derivative component ought to be added to this
expansion:

5232(30) (2—-0)2
az* 2

)

9B,(z
B2 = Byizo) + i) ooz s

If a second order gradiometer is used to measure the
heart’s magnetic field in such an environment, the noise
present in the magnetocardiogram is a function of the
field, gradient imbalance and second order compenenis of
magnetic noise. which are not rejected by this type of gradio-
meter. So. it was decided to increase the order of the
gradiometer without using balancing techniques, to discover
to what extent second order components of magnetic noise
are present in the magnetocardiogram.

Spatial dependence of the magnetic field of the
human heart

The next step in the design is to find the spatial depen-
dence of the heart’s magnetic field in the direction of the
gradiometer axis which is usually placed perpendicular to
the chest plane. The decrease in the heart’s magnetic
field (QRS peak-to-peak amplitude falloff) in the direction
normal to the chest wall is actually much slower than the
decay of a dipolar source. which is commonly used as an
approximation for design purposes. This can be checked
by using the results reported by Cohen et al!. where
measurements with a single coil magnetometer were per-
formed at six different distances from the chest in two
different positions. Plotting their measured QRS peak-to-
peak amplitudes versus the distance. Z, from the chest. it
was found that the amplitude falloff can be approximately
described by an empirical K/Z% dependence, where K isa
constant. Such a dependence has no physical meaning since
the origin of the Z coordinate has been taken at the chest
wall. which is far from the heart sources, however it is a
good field description for design purposes.

With a slow falloff, it is not possible to neglect the
magnetic signal present at the more remote coils of the
gradiometer. which disproves the usual assumption that
most of the flux coupled to the gradiometer is the induced
flux at the lowest coil, the sensing coil. For instance. using
the K/Z" field dependence. for a conventional second order
gradiometer” with an overall length of 20 ¢m and its sensing
coil at a distance of 1.1 c¢m from the chest wall, a net
magnetic flux of only 60%% of the induced flux at the sensing
coil is produced.

0011-2275/83/060324-03 $03.00 © 1983 Butterworth & Co (Publishers) Ltd.
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Absolute field measurements cannot be performed
without a shielded room, nevertheless, it is possible to
check the validity of this K/Z" approximation by com-
paring the calculated and measured net magnetic fluxes
detected by gradiometers with different base lines. The
difference between calculations using this approximation
and measured values, for two distinct gradiometers using
the same subject, was approximately 10%.

Designing procedures for a third order gradiometer

The minimum number of coils for a gradiometer of n'™
order. is'® n + 1. So, a third order gradiometer has a mini-
mum number of four ¢oils with the following turns of the
proper polarity: .V, N5, V3, ¥,. It also has three base lines,
named a,, b and g, which are the distances between the
colls.

The flux ® through a gradiometer of this kind can be
expressed as:

b =A[V,B,(0) +N,B,(a,) +N3B,{a; *+b)
+ N,B,(a, +b +ay)] (3)

where 4 is the area of the loop and the origin is taken in
the lowest coil.
Substitution of (2) in the above expression yields:

f
b =4 ‘IBZ(O) (Vy +N; +N3 +V4]

88,(0)
+
0z

aZB 0 2 . +b)2
. 2( ){ , a3 N (a

[Vaay + Ns(ay +b) + Nafa, +b +a;)]

622 2_+ 3 2

e LE_L]}O @

N, =
A

Therefore, the design parameters of the third order gradio-
meter must satisfy the three following conditions:

Ny +N, N3 +N, =0 (3)
Noa, +N3(@ +b)+N(a,+b +ay)=0 (6)
2 22 2
a (uy+5) (@,+b +ay)
A'Vz ? +/ 3 3 + N4 2 = (7)

Assuming the first condition is satisfied and,
a, +b+a, =1l
. where [ is the overall length of the gradiometer, we have

the following system with two unknowns (a;, b) to be
solved:

Nya, +Ns(a, +b) +N,1=0 (8)
a3 a, +b)?
N = + N, @ty + N, [2_=0 (9)

2 2
In the particular case of a third order gradiometer with
Ay = -V, andV; = —N,, as it has been reported by Vrba
et al,% we will have

l (10)
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b= — 1 ()

In which case the base line & will be a multiple of the base
line a.
For a more general case when such symmetry is not
present, the base lines are:
(NN, (‘va,,l ) :
+

a =1 3 1\/3
(12)
(V3 + VN3 (V3N B+ N N3
- M M +N,V,
(Ny+Nj)ay + N,
b= — v (13)
a, = /- a; — b (14)

Construction of the gradiometers and performances

Since the magnetic field at any of the gradiometer
coils cannot be neglected. there is no reason to make it
assymmetric.? It was then decided to make the gradio-
meter symmetric with a coil diameter of 2.3 cm, which is
the limit for our construction process.’

With a K/Z" spatial dependence, a total gradiometer
length of 20 cm was arbitrarily chosen so as not to reduce
the overall net tlux very much. This constraint together
with a maximum input matching requirement to the
2 uH inductance at the SQUID, led to a discrete number of
only four different configurations for a third order gradio-
meter (see Table 1). A computer program, given ti.e overall
length chosen, tries all the possible number of turns of each
coil in order to find solutions in which the sum of the base
lines are equal to the overall length and the total induc-
tance is less than 2 uH.

Among the four possible configurations the net fluxes
of which vary from 44% to 76%, the gradiometer with the
latter net flux was chosen.

Fig. 1 shows two magnetocardiograms taken under
the same environmental conditions, with the same subject
and position over the chest. The upper, a, was performed
with the third order gradiometer and the lower, b, with a
second o-ler gradiometer. The bandwidth of a, was
.1-50 Hz of b was 2-50 Hz and a 60 Hz notch filter with
Q =1 was used. Both gradiometers have a field imbalance
of the order of 1%.

As can be seen after normalizing the QRS peak-to-
peak amplitude, there was a significant reduction in the
low frequency noise. The second order gradiometer*®
produces the best signal-to-noise ratio among three
different second order gradiometers tested (see Table 2).
All the second order gradiometers tested are symmetric
with the same coil diameter and overall length of the
third order gradiometer.

It seems pointless to compare at this point, our
sensitivity in femtotesla per Root Hertz with those
obtained by other research groups, since no standardiza-
tion has been made relative to the design parameters of a
gradiometer. For instance, a gradiometer with a short overall
length, large coil area and a multi-turn sensing coil can
produce an outstanding figure in femtotesla per Root
Hertz. However, if such a gradiometer is used 1o measure
the human heart, the signal-to-noise ratio will be worse
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Table 1. A 3rd ordar gradiometer configurations

No of turns 3rd order
Base lines, of each coil, gradiometer, Inductance,
ay b as N1 Nz N3 N4 Net flux uH
5.00 10.00 5.00 1 =2 2 -1 44% 0.9
5.36 11.55 3.09 1 -2 3 <2 45% 1.5
6.67 6.67 6.67 1 -3 3 -1 47% 1.7
3.09 11.55 5.36 2 -3 2 ~1 76% 1.5
Table 2. 2nd order gradiometer configurations tested
No of turns 2nd order
Base lines of each coil gradiometer, Inductance,
31 b 32 N1 N2 N3 N4 Net ﬂux /.IH
3.00 14.00 3.00 1 -1 -1 1 46% 04
10.00 0.0 10.00 1 -1 -1 1 60% 0.6
467 12.33 3.00 2 -3 2 -1 96% 1.5

magnetic fieid, it seems worthwhile to carry on with our
studies, optimizing the overall length of the gradiometer
and the coil area.

We would like to thank I.R. Eghrari and Dr. O.
Symko for helpful suggestions.
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SPATIAL DISCRIMINATION: AN ALTERNATIVE APPROACH
A.C. Bruno, P, Costa Ribeiro, J.P. von der Weid and I.R. Eghrar{

Departamento de Fisica, Pontificia Universidade Catolica
Cx.Postal 38071, Rio de Janeiro - RJ, BRASTL

ABSTRACT

The treatment of gradiometers as nonrecursive discrete spatiasl filters in a high-
paess configuration is proposed. This approach makes possible an ‘acalytical de-
scription of the gradiometer’s transfer function vhich is the major character-
ization of any instrument of measurement.

KEYWORDS ) i
SQUID, Gradiometer, Digital Filtering. |
INTRODUCTION '

After the introduction of the SQUID,. it was the use of gradiometers as sensing

coils (Zimmerman, 1971), thereby avoiding the expensive shielded rooms (Cchen, . .
1975), that led to an increasing number of laboratories studying Biomagnetism. !
Different types of gradiometers (symmetric, assymmetric, with different orders,

sizes and areas) have been built in many laboratories. The main goal in design-

ing a gradiometer has always been to achieve the largest sigoal-to-noise ratio,

and the fact that each group uses a particular type of gradiometer has not been a

source of trouble. Nevertheless, with the need to cospare data between groups,

this lack of standardization must be overcome. Io cardiomagnetism, where the

magnetic field of the extended source falls off less rapidly than the field of s

gingle current dipole, this problem is especially important. In fact, with such

8 slow fall off of the field, not only the lowest coil, but the upper coils in

the gradiometer contribute to the signal. It would therefore, be interesting to

have an analytical description of this device in order to characterize it, enabling

one to be consclous of the amount of disturbance introduced in the signal.

GRADTOMETERS SENSING COILS .

Traditionally, the equations that define a Nth order gradiometer can be found by
considering the total flux, ¢(t), induced in N+l coils connected in series,

N
d(t) = A | I n, B () Ilf(t) )
[1-0 { "z°71 }
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.where ¢z
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is the distance from the ith-coil to the origin, B_(z) 4s the component

of the magnetic field perpendicular to the coil's plane, and

time dependence of the flux.

and calling b =
sion (1) can ée

Each coil consiuts of n
taken by simp®icity with the same area A. Expanding é

rn,-H'\l‘Pn2+...
n,b.+n b, +...
o(t) = A [111...] 112
2 2
s R e I
7 2
lo

r

L

tums

Bz (z4)

s (D
z

(zo)
2
Bz( )(zu)

in Taylor series about 2
2z, - 2y the distance between each coil and the lowest one, expreg-
given in matrix form:

f(t) incorporates the
(positive or negative)

f(t) (2)

Thtigiagonal mattix representa the effect on the field, (B ), and its derivatives,
(8,°")

, at the lowest coil, (zy), due to the gradiometer.

If the gradiometer is

designed go that the first diagonal terms in the square matrix are cancelled, then
the contribution of a far source is diminished but the near source signal is also

effected.

Such approach 4s similar-to the classical electronic filtering of a time dependent

signal.

ing on a function F(t) expanded in Fourier series,

t

n=0

F(t) =
would be: -
0 0
0
1
1
1
Lo T
This expression is similar to that
Q
0
n b2
11,
2
10

vhere the Y's are the non zero diaggnal terms of the Qqhar- matrix.

L

C
n

-

Co

ci

c2

-

w t
jn

0

Bz(fo) 0
3D (z) 0
2y ,_
CiBs (-9) Y8
I I

For instance, the matrix representation of an ideal high-pass filter act-

of e.g. a second order gradiometer,

(3)
()
(5)
D (24)

The similari-

ty between 8 gradiometer and an electronic filter is stressed by the usual proce-
To measure the cancellation of the first

dure to check gradiometer's unbalance.

twc terms of the gradiometer matrix in a second order gradiometer, a constant f{eld
and a constant gradient field are usually applied to the svstem. That routine {s
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equivalent to determining the transfer function of an electronic filter by comnect-
ing to it s sine wave generator and measuring the output intensity for each fre-
quency. Nevertheless, up to this point, the analogy betveen a gradiometer and a
filter 4» confined only to the matrix representation. Since the Taylor polyno-
mials do not constitute an orthonormal basis, the gradiometer's transfer function
cannot be derived by using the Taylor approach.

GRADIOMETER, A NONRECURSIVE DISCRETE FILTER

A gradicoeter detects a signal that .ts a continupus function of time. The sampling
takes place at discrete points in space corresponding to the position of the coils.
The net signal measured is a weighted sum of these sampled values. Thus, 1t is
simple to apply digital signal processing techniques (Lehmann, 1983) (Schwartz,
1975) to handle this problem. The output of & nonrecursive or moving-average
filter can be defined by the well known expression

ym-f nox o, (6)

This operation defines s new set of discrete numbers Ya from a set of dumbers x
corresponding to values of s varisble sampled at constant intervals. Different
filters correspond to different coeficientn h,. Although it is common to fit a
monotonic function like the 1/r? or 1/r? magnelic field from a magnetic or electric
current dipole by a polynomyal expansion, it is possible to describe the field by

a Fourier expansion. The discrete Fourier transform of the signal at some instant
of time will be -

x) = ¥ ox edmkA N

vhere k 15 the wave number and ) is the digtance betwveen two succesnive sampling
points.

Assuming that the distances bi can all be expressed as multiples of X., that is

LP A'Bi (8)

8, being integers snd X being therefore just the maximum common divisor of all
the bi’ the signal detected by the gradiometer will be given by:

N
Y*ZI n, x
IR N

where N+1 is the number of coils, n, is the number of turns of each coil and x

the magnetic flux at a given inatané of time at the ith coil. The transfer fuéc-
tion, defined by Y(k) = H(k) X(k), is obtamined by taking the Fourier transform of
the sequence of filter coefficients:

N -§b Kk
H(k) = n, e
i=0
T A far source of field (background noise) will mainly have low frequency components,
4 (X(k) will be large near k=0) while a near source (signal) will have high frequency

components.

IL.I'I.II..l.......I.l......-.lll.-lIIIIIIIIIII-IIIIIIIIIIII




.

TMMALIL(AHHHHHHHA;-U—A A AAAAA A A A AL AT LV U

0 - BIOMAGNETISM: APPLICATIONS AND THEORY

The spatial discrimination will be schieved by making the moving average filter
(gradiometer) into _p high-pass filter. It is interesting to note that the design
conditions for a N order gradiometer, obtained by the traditional Taylor
approsch (Karp, 1980),

N b’:
L n, ~— =20 a»0,...,N (1)
1=0 i a.

are obtained in the Fourier approach by imposing:

@ .
a——aiﬂ(k) -0 la=0,...,N (12)
3K k=0 i

CHOOSING GRADIOMETERS' DESICNS
This slternative approach to the study of gradiometers provides a new tool for
optinmizing the choice of gradiometer parameters for each specific situation, as is
illustrated by figures ! and 2 and the brief outline presented below. Figure 1
shows the transfer function magnitude H(k) as defined by (10) for first, second
and third order symmetric gradiometers. The gradioweters' total length are the
same (10cm) and therefore the sampling period A are respectively 10, 5 and 2.5 cm.
As is the case for the discrete Fourier_transfo%m, the highest meaningful fre-
quency 1is n/Xs or 0.31, 0.62 and 1.26cm ! respectively.
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Figure 1(a). Magnitude of the gradiometers' transfer function and (b) their
schematic geometries.

ALl the traongfer functious are high-pass filters with the gradiometers of higher
order more effectively attenuating_low frequency background noise.

For frequencies larger than 0.3 cmw !, the Fourier components of the signal are very
small, representing only a few percent of the total power spectrum. This s
particularly true for the cardiac magnetic signal. {(Bruno, 1984).

The choice between gradiometers of different order will then be determined by the
behaviour of the transfer functions for frequencies below 0.3 c¢cm !. For a severe
background noise environment due to not too distant sources, figure 1 indicates
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the use of a third order gradiometer even 4f the signal is also drastically re-
duced.

The magnitude of the transfer function |X(k)| for different gradiometers described
in literature are shown in figure 2, Their areas have been normalized to uanity
for simplicity. The use of a first order gradicmeter with a large base line
(curve 1) 1s perfectly justified in a suburban area where the background noise is
very low., The cardiac signal amplitude will therefore, be large since for inter-
mediate frequencies the transfer function amplitude is large. The best choice of
the gradiometer lengths can be suggested by comparing two second order gradioweters
(curved 2a and 2b). TFor short lengths (large %/1 ) (curve 2a) the filter more
efficiently attenustes lov frequency components, having a large background noise
rejection, but also reduces the signal amplitude by attenuating the intermedists
frequencies. This short gradiometer is indeed a good choice for studies of brain
evoked fields when the gradiometer is near a 1/t? source whose signsl contains
high frequency components in the signal.

TH(0E

i

o ire] 230

Figure 2. SQUID Gradiometers' Transfer Functions: (1) First Order Gradiometer
(total length 10cm) (Saarinmen, 1978); (2a) Second Order Gradiometer (totsl length
6.4cm) (Willismson, 1978); (2b) Second Order Gradioweter {(total length 10cam)
(Barbanera, 1981); (3a) Third Order Gradiometer (total length 16.5cm) (Vrbs, 1982);
(3b) Third Order Gradiometer (total length 20cm) (Bruno, 1983).

When weasuring cardiac signals in a large background noise environment the choice
of a third order gradiometer seemr more reasonable to obtain a larger signal to
noise ratio (curve 3s and 3b). A second order gradiometer with a larger baseline
curve 2b, seems to be a good compromise to handle either cardiac and brain sigoals.
The choice among different gradiometers designs will be imposed by the observation
of their transfer functions and the Fourier powver spectrum of the signal and the
noise.

Finally, the usual measurement of the gradiometer's unbalance to check how far is
the real gradiometer from its design, would be replaced by measuring its actual
trangfer function obtained by detecting the signal due to a magnet, displacing it
along the axis of the gradiometer and comparing the Fourier transform of this
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aignal with the Fourier transform of the dipolar source (Bruno, 1984).

|
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time and at a gjven discrete position in space, labeled by the
index m. ‘

The transfer function of the filter (gradiometer) in
space defined as

H(k) = F(k)/®(k),
where F(k) and ® (k) are, respectively, the DFT of £, and

@,,, can be obtained by taking the Fourier transform of the
sequence of filter coefficients

N .
H(k) = 3 ne™ " : (9

i=0

Spatial discrimination is accomplished by making the mov-

ing average filter (gradiometer) into a nigh-pass filter. The
correctness of such an approach is shown by the fact that the
design conditions for the successive higher-order gradiom-
eters obtained by canceling the successive elements of the
square matrix in Eq. (3) are obtained, as well, by imposing
increasing flatness in the stop-band region of the high-pass
filter transfer function. For instance, the design condition
for a first-order high-pass filter is obtained by making Eq.
(9) equal to zero for k = 0. This yields

N
Zni=0’

i=0
which is the same condition as for a first-order gradiometer
in the Taylor series approach. For a more efficient high-pass
filter the design conditions are obtained by making
H(0) =0 and also [dH(k)dk | =0 at k£ =0, ie, the extra
‘condition of .

(10)

hi
Z nb; =0,
i=0
which is a second-order gradiometer in the Taylor series ap-
proach. Generalizing, the gradiometer condition given by
Eq. (4) in the Taylor series approach corresponds to impos-
ing

(1)

9 mwy| =0 (12)
ak° k=0
in the spatial Fourier technique.

The equivalence of both approaches is illustrated by
considering the Fourier transform for a spatially constant
field and a linearly varying field in space.

For a spatially uniform field, normalized so as to have
unit value over all space,

¢m=1’ —o<m<®, (13)
its Fourier transform becomes’®
(k) = (2mw/A,)6(k), (14)

8(k) being a deita function. )
Each discrete measurement of the filter at a given posi-
tion mA, will be

A Zn ik
fo= —2; F(kye'™" dk, (15
- /A,
which becomes
S =H(0). (16)

Thus the condition H(0) = 0 eliminates the detection of a
spatially constant field.
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For a linearly varying field in space,

é, =ami,, (17

—_—x <M< =<,

its Fourier transform will be

It can be written as
-y
Dk) =ja— e M (19
Wy =jaap 2
i.e., the Fourier transform is the derivative of the deita func-
tion. Hence the output of the filter will be

oH (k)

el B + amA H(0).
Thus to discriminate against a spatially linear field we
should impose the condition of the transfer function and its
first derivative at k = O to be equal to zero. A similar proce-
dure would be used for higher orders.

Figure 2 shows the magnitude of the transfer functions
for conventional first-, second-, and third-order geometries.
All the gradiometers have the same A, and X, is /A, . The
behavior in the DFT approach is the inverse of the Fourier
series: the space domain is discrete and the frequency do-
main is periodic with a period of 27/4,. Since it is an even
function, it is only necessary to represent the half-period de-
pendence, from O to 7/4;.

Su= —Jja (20)

PHASE CHARACTERISTICS

So far we have dealt with the amplitude response | H (k)|
of the gradiometer. There is also a phase response (&), al-

. though at first glance it is not as easy to interpret. Figure 3
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FIG. 2. Amplitude response of first-, second-, and third-order gradiometer
in k space (K, = n/4,).
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FIG. 3. Spatial phase response of first-, second-, and third-order gradiom-
eters in k space (K = /4, ).

shows the calculated phase characteristics for the first-, sec-

ond-, and third-order gradiometers whose amplitude trans-

fer functions are presented in Fig. 2. These graphs were ob-

tained from the definition of the phase between input and
output signals:

¢ =tan~!'[Im H(k)/Re H(k)]. (21)

Since we are dealing with a spatial frequency response of the
system, the phase information leads to a spatial lag between
the output signal and the input signal. Indeed, as can be seen
in Fig. 3, a gradiometer is a linear phase spatial filter. Such
characteristics are important for the evaluation of distortion
produced by our filter. The largest phase lag occurs at the
frequency where the gain of the system changes the most
with respect to frequency. The spatial lag that will occur,
especially at low frequencies, can be used to estimate the
error introduced by the gradiometer in determining the
depth of a current dipole.®

SPATIAL FOURIER TRANSFORM OF THE SIGNAL

The noise output of gradiometers of different orders has
been discussed above, using the gradicmeters’ transfer func-
tions and characterizing the noise by their dominant low-
order terms in a Taylor expansion. It is important now to
discuss the Fourier transform of a given signal from a near
source, in order to understand more clearly the meaning of
Fig. 2. '

The handling of a continuous signal by a digital math-
ematical formalism is a twofold problem. First, a sampling
frequency must be chosen, and second, the infinite sequence
generated must be truncated in order to apply the DFT.

Since the sampling frequency must be larger than twice
the highest frequency component of the signal (Nyquist
theorem),'”!® we have to estimate the highest frequency
component. For the case of magnetic or current dipole, care
has to be taken in making such estimates as both are spatially
monotonic functions. Certainly, the highest frequency com-
ponent will be related to the distance from the dipole to the

first point of measurement, i.e., first coil position. The DFT.
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is periodic with a period of 27/4, . If the sampling frequency
chosen is smaller than the Nyquist limit, there will be an
overlap between the periodic replicas of the spectrum (alias-
ing effect).'?

As to the truncation problem, consider an extreme case
where the truncated sequence, representing the spatial de-
pendence of the signal, has only two terms. Assume that the
field decreases by a factor @ from the first term to the second
term, i.e.,

$=1,¢,=(1/Q). (22)
The DFT of such a sequence will be

S(k) =1+ (1/Q)e ™. (23)
Its modulus is

k)| =1+ (1/Q%) + (1/Q)cos kA 1'%, (24)
For a spatially constant field @ = 1 (noise),
| (k)| =2cos k(4/2), (25)
while for a field which decays spatially very fast @ = = (the
signal),
ok = 1. (26)

Those two cases and intermediate ones are shown in Fig. 4.
Hence, if a constant sequence such as the one produced
by the noise (Q = 1) is defined by only two terms, its DFT is
not a delta function as in Eq. (14). Also, if the field decays
very fast in space, as would be the case for a signal from a
very near source that would be detected just by the pick-up
coil (Q = «), a two-term truncation leads to a constant
pattern in the frequency domain. Thus, the truncation can
produce as well as the aliasing effect, spurious high frequen-
cy components in the spectrum making it difficult to inter-
pret the plots of the filter transfer function (Fig. 2), and the
signal and noise frequency spectrum (Fig. 4).
Fortunately the problems of choosing a sampling fre-
quency and the number of terms of Eq. (6) can be avoided
because one can have the analytical expression for the spatial
dependence of the signal source. Therefore, one can use it to

&)

o =1
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o Q=2
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@ Q=5
[ 4 Oz
w !
Q
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=
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FIG. 4. Amplitude response for a truncated signal with only two terms dif-
fering by a factor of Q.
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FIG. 5. Parameters used in the calculation of the field produced by a current
dipole.

calculate the continuous Fourier transform of the signal.
The continuous Fourier transform and the half-period of the
DFT are identical for a sampling frequency and number of
terms chosen in a proper way.!”

The analytical spatial dependence of a near source sig-
nal, for instance a current dipole, can be obtained by apply-
ing the Biot-Savart law in the situation illustrated in Fig. 5.
Let us assume that the field is initially measured at the point
2, in a plane distant d from the current dipole. The current
dipole p is located in the plane xy, oriented in the + y direc-
tion,” at a distance x = A/2 from the z axis, A being the
distance between field extremes in the z, = 4 plane.

Thus the field can be expressed as

B . _- Holpld 1 )
() amf3 (d¥2+7)"2

27

Consequently, one can have the Fourier transform by apply-
ing the definition for each spatial frequency %,

X(k) =Jq B, (z)e‘f"‘dk,_ (28)

€ os}
~
h-}
(=]
L
=
o
£
x 0.5
02 i i 1
3 6 9
d{cm)

FIG. 6. szitial frequency limit (K,,, ) asa function of the distance between
the current dipole and the gradiometer first coil (4).
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which can be evaluated numerically.

Now we may determine a maximum frequency of inter-
est in the Fourier transform of the signal, in order to give a
visual meaning to Fig. 2. In this case, we may choose &, , 50
that most of the energy, say 95%, lies inside the frequency
range (0,k,,, ). In the Fourier series, the sum of |a, |? yields
the average power.'® In the Fourier transform, the integra-
tion of | X (k)|? yields the total energy of the signal.'®* We can
choose k,, using the following criteria:

J-.MIX(k)Pdk = 0.95f X (k)| dk.
0 0

The values of the maximum frequency 4, determined
by Egs. (27)-(29) are depicted in Fig. 6 as a function of
distanced from 3-10cm. As can be seen one can use approaxi-
mately 7/d as ko, .

Finally, one can obtain the first design criteria using this
new model. As was said before, the gradiometers’ transfer.
function should be represented in & space up to 7/4,, where
A, is the minimum distance between two adjacent coils.
Thus if one equals 4,,, to 7/A,, one can obtain the distance
between coils that the gradiometer should have so as to give
the signal’s maximum detectable energy. The minimum dis-
tance between coils as a function of distance 4 is shown in
Fig. 7. It should be stressed that this result is in accordance
with the Taylor approach. If a gradiometer is to act as a
magnetometer for near sources, the base line should be of at
least the order of the distance between the source and the
gradiometer.>® It must be remembered, nevertheless, that
the final criteria used to choose the gradiometer’s base line
must also take into account the noise as well. The combina-
tion of amplitude response and phase response can be used to
determine the amount of distortion introduced by the gra-
diometer; this distortion will, for example, affect the deter-
mination of the depth of the current dipole source and its

strength.

(29)

6 9
d{cm)

w

FIG. 7. Minimum distance between two adjacent coils of a gradiometer as a
function of the distance between the dipole and the gradiometer first coil
(d).
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CONCLUSIONS

This paper presents a novel approach to understanding
and designing of gradiometer coils for the detection of weak
biomagnetic signals in the presence of noise. The gradiom-
eter is considered as a spatial filter whose characteristics are
determined by its transfer function independent of the model
used for the source. The transfer function yields the ampli-
tude response and the phase response. The amplitude re-
sponse gives results in agreement with the Taylor series ap-
proach but which are more general; it is a system analysis
approach. As an example in the selection of gradiometer
characteristics based on the amplitude response of various
gradiometers, the spatial Fourier transform of a dipolar sig-
nal is presented. Using the approach described in this paper,
it will be possible to design gradiometers making trade offs
between signal and noise energies for a specific spatial situa-
tion of weak magnetic fields and their source localization.
The dynamic error* introduced by the gradiometer can be
estimated by inspection of the amplitude response (Fig. 2)
and the phase response (Fig. 3).
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Spatial Fourier transform method for evaluating SQUID gradiometers
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A simple method of measuring the spatial transfer function of a gradiometer, consisting of a
flux transformer coupled to a SQUID, is presented and it is compared with theoretical
predictions. Based, on this approach, a new method of reporting a gradiometer’s performance
is proposed; the rejection factor is expressed in decibels obtained directly from the transfer

function plot.

INTRODUCTION

A major problem in the measurement and study of weak
biomagnetic fields is the reduction of magnetic noise due to
the environment. The most common solution to this is a
filtering technique known as spatial discrimination. It essen-
tially consists of connecting a set of coils, which are wound in
a gradiometric configuration, to the SQUID input.' Usually
the gradiometer consists of concentric coils connected in se-
ries and separated by distances called base lines.

In the region probed by the gradiometer the spatial dis-
tribution of the biomagnetic field and the noise magnetic
fields vary monotonically with position. Thus, to study the
influence of the gradiometer on the detected signals and its
rejection of the noise it is natural to express the correspond-
ing fields in terms of small variations around a given point,
namely the position of the first coil of the gradiometer. This
is usually done by means of a Taylor series expansion.’

A source located far from the gradiometer has a magnet-
ic field spatial variation or distribution that does not vary
significantly within the probed region, and hence only a few
terms of the Taylor expansion are needed to represent it.
However, for fields originating from sources close to the gra-
diometer, the spatial distribution varies rapidly from point
to point within the gradiometer region, and more terms of
the polynomial expansion need to be used in order to repre-
sent adequately the signal.

A gradiometer of Nth order cancels the first NV —1
terms of a Taylor expansion.” Choosing & properly, the sig-
nal of distant sources detected by the SQUID will be drasti-.
cally attenuated. However, detected signals of near sources
should not be attenuated. Unfortunately there is some at-
tenuation of the wanted signal as the net signal detected
arises from higher-order terms of the expansion. Thus spa-

" tial discrimination is achieved at the price of distorting the
signals of interest. .

The extent of the distortion introduced in the measure-
ment has been studied by using numerical means but only for
a specific source, a single current dipole, and a given second-
order gradiometer.*

For a general analytical method, a Taylor expansion for-
malism cannot be used. This is because the near-field sources
which are usually located at a distance smaller than the gra-
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diometer’s total length would be represented, in this formal-
ism, by a divergent series.’

A breakthrough to that problem emerges when it is real-
ized that a monotonic signal can be modeled as well by a
Fourier expansion in space.® In such an approach, the spatial
distribution of a distant source will have only low spatial
frequency terms while a near-field source will have both low
and high frequency terms. Thus, a properly designed gradio-
meter will attenuate the low-frequency terms originating
primarily from distant sources, and the gradiometer is then
basically considered as a high-pass spatial filter.

More precisely, since the magnetic flux is coupled to it at
discrete points in space, corresponding to positions of the
detection coils, the gradiometer can be regarded as a digital
spatial filter. In such an approach, the sampling period is the
base line and the samples are weighted according to the num-
ber of turns of each coil and its polarity. The advantage of
considering the gradiometer as a digital spatial filter comes
from the fact that its transfer function can be easily calculat-
ed and measured, thus characterizing the gradiometer in a
very formal way. With a knowledge of the transfer function
of the system a quantitative analysis of the effects of the filter
on the signal and noise sources can be made. Therefore, the
object of this paper is to demonstrate how the transfer func-
tion can be measured and to compare it to the transfer func-
tion calculated theoretically. An alternative approach based
on the plot of the transfer function will be proposed for eval-
uating the performance of the gradiometer.

. EXPERIMENTAL DETERMINATION OF THE
TRANSFER FUNCTION

To measure the transfer function of a filter, the gradio-
meter in the present case, a known signal ¢ is applied to the
input of the system and the corresponding output f(r) is
recorded as a function of the space coordinate . The Fourier
transform of the output signal F(k), where k is the spatial
frequency, divided by the Fourier transform of the input
signal ¢ (k) is then by definition equal to the measured trans-
fer function of the system :

H, (k) =F(k)/$(k) . (H

® 1987 American Institute of Physics 1510



b i 4 HE [EERTHA TN

The magnitude of H,, (k) may then be compared to the mag-
nitude of the theoretical transfer function A, (£) obtained by
taking the discrete Fourier transform of the filter coefficients

N

Hk=73 ne ™, (2)
i=0Q .

where n; is the number of turns (with proper polarity) of

each gradiometer coil at position /, b, is the common dis-

tance between the coils, and & + 1 is the total number of

coils.

As in all systems an input and an output must be de-
fined. The output of the gradiometer is clearly the sum of
signals seen by the various coils. The input is considered to
be the signal which couples to only one coil, as the aim is to
measure the magnetic field at particular points in space.

When measuring the response of the more conventional
temporal filter (as opposed to the present spatial filter), the
input signals are usually at fixed frequencies or they can be
pulses. Unfortunately it is not a straightforward task to cre-
ate a spatially monochromatic signal and it is even more
difficult to get a spatial magnetic pulse. However, any
known signal (i.e., a signal whose Fourier transform is
known and well behaved) will suffice as the input. Thus the
known signal is simply the spatial distribution of the magnet-
ic fleld generated by a single turn coil.

The dimensions of such a coil were chosen according to
the following requirements and criteria. The coil radius
should be large enough to allow it to slip over the Dewar and
also to make the measurements less sensitive to its position-
ing, but the coil should be small enough to produce a spatial
field distribution which is well behaved for a Fourier trans-
form processing.® A computer simulation was done to find a
suitable radius and a good compromise was reached for a
radius of 15 cm. )

An apparatus was constructed which held the coil fixed
with respect to the x—y plane, but allowed the movement
along the z axis. The Dewar containing the gradiometer wac
placed on a high stand concentric with respect to the signal
coil axis. The coil could then be slipped over the stand and
Dewar from a position approximately 1.2 m below the pick-
up coil (six times the gradiometer base line) to a comparable
position above. A low-frequency current (17 Hz) was ap-
plied to the coil, and the resulting signal from the SQUID
was detected by a lock-in amplifier. The coil was moved by
increments of 5 cm when far from the gradiometer, and by
2.5 or 1.0 cm when near it. The gradiometer used in this test
was a third-order design whose total length was 20.0 cm.’

. EXPERIMENTAL RESULTS

The theoretical spatial distribution of the magnetic field
of the test coil was used as the input. Its variation as a func-
tion of the axial distance can be seen in Fig. 1(a), where the
origin is taken at the center of the gradiometer. The corre-
sponding Fourier transform is shown in Fig. 1(b). The limit-
ing frequency for the Fourier plot was chosen in such a way
that most of the relevant spatial frequency components of a
current dipole placed at 7 cm below the gradiometer are
present up to this frequency.'® The output of the third-order
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Fi1G. 1. (a) Magnetic field ¢ generated by the test coil as a function of the
axial distance r. (b) Fourier transform of #(7) in k space.

gradiometer due to a signal in the test coil at various points in
space is presented in Fig. 2(a). A spline interpolation tech-
nique was used to generate a function appropriate for a Four-
ier transform process, which then leads to the Fourier trans-
form shown in Fig. 2(b).

The gradiometer transfer function is obtained by divid-
ing the Fourier transform of the output by the Fourier trans-
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FI1G. 2. (a) Measured output from the gradiometer f(r) for various posi-

tions 7 of the test coil. (b) Fourier transform of f{7) in & space.
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F1G. 3. (a) Theoretical (continuous line) transfer function for a third order
gradiometer, and actua} (dashed line) transfer function for third-order gra-
diometer on a linear scale. (b) Graph of (a) on a decibel scale.

form of the input as in Eq. (1). This is shown in Fig. 3(a) on
a linear scale and in Fig. 3(b) on a decibel scale, where the
dashed curve is the magnitude of the measured transfer func-
tion obtained by the experimental procedure described
above, and the solid curve is the magnitude of the theoretical
transfer function obtained by substituting in Eq. (2) the
number of turns and the base line of the third-order gradio-
meter used. As is shown in the decibel scale plot, the real and
theoretical curves are essentially the same for spatial fre-
quencies from approximately 0.09 to 0.19 cm~'. For fre-
quencies higher than 0.19 cm ™' there are differences be-
cause of the integrating effect of the gradiometer loops which
was not taken into account for the input calculation. It
should be emphasized that, as expected, this effect appears
only at high frequencies. For frequencies below 0.0¢ cm !
the difference is due to the unbalance of the real gradiometer.

lll. UNBALANCE AND TRANSFER FUNCTION

The design conditions for a ¥ th order gradiometer.in
the Taylor expansion approach,

Y nbi

i=0 al

=O, a=0,...,N—I’, . (3)

have been shown'” to be equivalent, in the Fourier ap-
proach, to

da
— H(k) =0,
dk = k=0
where H(k) is the transfer function of the gradiometer.
However in practice conditions (3) or (4) cannot be really
achieved. Hence we define a way to measure how perfect is

a=0,..,N-1, (4)
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the built gradiometer.*!' The so-called unbalance is a mea-
sure of how far from zero are the design conditions. Specifi-
cally, the uniform field rejection is according to the condi-
tion in Eq. (3)

N

z n =0, (5)

i=0 :
which is equivalent'® in the Fourier approach to H(0). The
zeroth-order balance of the gradiometer may be then easily
obtained from the magnitude of the measured transfer func-
tion curve at zero spatial frequency. Also the field gradient
rejection according to Eq. (3) is

N

z nb, =0, (6)

=0
which is equivalent in the Fourier approach to making a
equal to | in Eq. (4). By taking the first derivative of the
measured transfer function at the same frequency, the first
order unbalance can be found.-

The transfer function value for the empirical plot at zero
spatial frequency is 8.7 X 10 ™3, As discussed earlier this val-
ue corresponds to the field balance of the gradiometer. To
check this, a field balance measurement was done with a
modified set of square coils,'> based on the Rubens design
with 80.0 cm for each side, where the measured uniformity
was better than 5.0 10~ * over a cube of 20.0 cm’. A value
of 8.4 X 10~ was obtained for the unbalance measurement,
which is very near to the above value of 8.7 10 2.

At this point, we would like to propose a new method of
presenting the gradiometer’s performance. The magnitude
of the tran<fer function at zero spatial frequency is — 41.2
on a decit ! scale. Thus, instead of reporting the gradio-
meter’s pe: formance in terms of a percentage error in the
loop areas, the performance could be described by its rejec-
tion in decibels for that spatial frequency. Concerning the
gradient unbalance, the value obtained for it from a numeri-
cal calculation was 0.19. This aspect of the performance
could be referred to simply as a rejection of — 14.4 dB at
constant gradients for a third order gradiometer. This meth-
od of specifying the performance makes it easier to compare
gradiometers between various groups; it also clearly shows
that a gradiometer is truly a spatial high-pass filter. This
formalism makcs the problem, of measuring biomagnetic
signals in the presence of noise, a question of sysi.em analysis
dealing with noise, filters, and bandwidth.
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Digital filter design approach for SQUID gradiometers

A.C. Bruno and P. Costa Ribeiro

Departamento de Fisica, Pontificia Universidade Catblica do Rio de Janeiro, C.P. 38071,

22453 Rio de Janeiro RJ, Brasi!
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A review of the traditional method for designing gradiometers is made. A nonrecursive digital
filter model for the gradiometer is presented, giving a new set of parameters for the

- gradiometer identification. Some designs are analyzed using the proposed set. As an example, a
true differentiator is designed to be used as the SQUID input coil. It is shown that the
differentiator has the same noise rejection as the conventional gradiometer but provides more

signal sensitivity.

1. INTRODUCTION

In the late sixties, the appearance of the SQUID was the
most important fact for the development of biomagnetic
measurements, which are being made in several research in-
stitutes and hospitals. The SQUID is usually coupled to a
superconducting circuit called a flux transformer. It consists
of a set of coils for field sensing, connected in series with a
solenoid placed inside the SQUID body. When a magnetic
field is applied to the coils, a persistent current appears in the
_ circuit, producing a magnetic flux inside the SQUID.

Usually the measurements are made in environments
that have magnetic interference from power lines, motors,
elevators, etc. These fields have magnitudes that surpass bio-

magnetic fields by a factor of at least 10 000. Some filtering

procedure must be used in order to remove the unwanted
noise. A possible solution is to place the patient and instru-
ment of measurement inside a magnetically shielded
chamber. Another technique is to use the set of coils coupled
to the SQUID, in a gradicmetric configuration,’ to make a
spatial discrimination between signal and noise. This occurs
because the noise source is very far from the gradiometer and
the weak source is placed close to it. The monotonic spatial
decay of the noise can bg modeled by low-order terms of a
Taylor series expansion. As the gradiometer zancels the first
derivatives the far source field will not be detected.

This paper makes a review of the gradicmeter analysis
and design process. Itis a mcrz fermal and general approach
of a formalism than introduced previously,® showing that
the gradiometer is a digital spatial filter. The gradiometer
design is discussed using conventional filter analysis param-
eters. These parameters can be used to describe the gradio-
meter design instead of its geometrical description. Finally,
using this formalism, first- and second-order differentiators
are designed to be used as the SQUID input coil. The differ-
entiators will theoretically have the same noise rejection but
a better signal sensirivity.

Il. REVIEW ON THE DESIGN OF GRADIOMETERS

The equation that describes the totai flux @(zy!)
through a set of coils axially positioned along the z axis, the
first coil being at z,, can be stated as

N

820 =4 ( T n3. (.,))ﬂr),

i=Q

v @D
|
where A is the area of coils, 7, is the aumber of turns of each
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coil, B, (i) is the normal component of the magnetic field a:
the coil i, ¥ + 1 is the number of coils, and f/ (r) is the time
dependence of the field. Expanding B, (z) in Taylor series
around the origin (z,) yields

= B:a)(z)
Boy= 3 = emwt 2
a=0 .

where B (?'(z,) is the derivative of order @ of the field B, (2}
at z,. Substituting (2) in (1), considering only sparial de-
pendence. the flux through the set of coils can be expressed in
terms of the field and its derivatives at the first coil:

. B (a)( 0) .
$(z5) = (Z 2 n——z —zo)“>. (3)
i=0a=0 .
Todesignan ¥ th-order gradiometer, the first.V terms of
(3) must be made equal to zero to reject the noise. Then, the
following system of equations is obtained”:
N b a
Z A —=0, a=0l,.N-1, 4
i=Q -
where b, =z, — z, is the distance between the ith coii and
the lower one. The gradiometer parameters are obtained by
solving system (4). From visual inspection one can see that
(4) is a system that has NV equations and 2N + | unknowns.
Inordertosolveit, ¥ + 1 unknowns must be transformed in

formed. two kinds of solutxons will arise. For instance, sup-
pose thar the .N¥b,'s (b,b,=2b,,...by =XNb,) and one
n,(ny) are chosen. In this case the solution for the system
will be given by the Newton binomial formula®:

n=no( = 1)7'Cy,

This solution leads to the conventional gradiometer design.
However, if the ;¥ + 1 n,’s are chosen, one will have the first
equation solved, so one more unknown must be chosen. Sup-
pose that the one chosen is the total length of the gradio-
meter by. As was shown,’ this is the most generyl choice for
solving system (4), and will lead to solutions where the 4,'s
are not multiples of the smaller ones.

The gradiometer output signal will be proportional to
the field derivadve only for distant signal sources. Only if the
source is at a distance much larger than the gradiomerter
total length will series (3) converge.®

© 1988 American Institute of Physics 2820
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As was said elsewhere.” the gradiometer is a device that

RS camples the signal and noise at discrete ponts in space, that

3 % correspond to the coil positions; thus, it is a spatial digital
s sampler. The sampling period A, is given by the minimum
_¢5mncc between the coils. Moreovcr the gradiometer
= makes a weighted sum of the input field sampled sequence.
& The weighting factors depend on the area of each coil. The

%o gadxometer is a nonrecursive digital spatial filter. This can

* be illustrated with the following arguments: the basic digital
filter elements are the unit delay, the adder, and the multi-
plier.” Therefore. digital filiers are collections of intercon-
nected unit delays, adders, and multipliers. A gradiometer
bas in its hardware the elements that correspond to those
three basic elements of the digital filter theory. The sampling
period A, corresponds to the unit delay. The fact that all the
colls are wound in series corresponds to the adder. Finally,
the area of each coil corresponds to the multiplier. All the
formalism already developed for digital filters can then be
used to analyze and design gradiometers. Assuming a sym-
metric design (al] coils with the same area), the gradiometer
spatial transfer function A (k) can be obtained by taking the
discrete Fourier transform of the sequence that represents
the number of turns of each coil*:

v
Hky=dA Y ne "™ (6)
1= 0

k being the spatial frequency.

In that approach signal and noise will be described by
the spauial Fourier spectra. In doing so. the noise will have a
spectrum with low frequencies and the signal will be repre-
sented by a much wider spectrum.® Using the digital fiter
modeling, a gradiometer spatial transfer function could be
designed for each noise and signal specification.

IV. GRADIOMETER DESIGN WITH A FILTERING
TECHNIQUE

It can be seen below how the traditional gradiometer
configuration arises when a digital filter design procedure is
used for a high-pass transfer function. One condition that
guarantees the sffectiveness of a smooth high-pass flter is

d* Hik)|

1 =0
hE ka0

where ¥ is the order of the filter. Equation (7) shows that

a=01,...5-1, (M

the stop-band flatness of a tigh-pass transfer function m-

creases when the order of the filter increases.

A method for synthesizing a digital filter is to find the
proper transfer function, H(s), in Laplace space using the
classical filter theory. The analog design is then transformed
on a digital realization. A possible design having pass-band
flat is known as Butterworth.” However, condition (7) re-
quires that the szop-band be flat. Nevertheless, the Butter-
worth polynomial A, (s) can be used to make the desired
transfer function A, (s) in the following way:

H (s)=1~i/H,(s). (8)
If denormalized, A, (5) can be written as

H,(s)=1/(1 =5, (9)
2821 J. Appl. Phys., Voi. 63, No. 8, 15 Apni 1988
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H(s)=s" (10)
This will ensure a maximally flat stop-band transfer function
fulfilling condition (7).

The gradiometer realization of (10) can be made by
using one of the transforms from the Laplace space to the
digital space. It consists in replacing the differential equation
related to H, (s) with a difference equation.'® This can be
done by making the following substitution of variables:

s=1=2z"" (1

where z is the variable in the digital domain (z = ¢”").

Then, H(z) can be written as

Hzy=(1=-z""" (12)
ForN =1,
Hzy=1-z74 (13)
for N = 2,
Hz) =1-2z""+z7% (14)
for V=3,
O H@D) =1-3"'43 o (15)
for ¥ =4,
D OH(Z) =l—dzt a6z 4z Y (16)
and so on.

The gradiometer carresponds to a direct canonic real-
ization of the above transfer function,” where the canonic
means number of base lines equal to the transfer function
order. For instance, transfer function (15) shows that 1"
stands for the first coil with one turr:, * — 3z~ """ means that
after one A, there is a coil with three turns in the opposite
direction, “3z~ %" means that after two A, there is a coil with
three turns in the same direction as the first one, and finally
“ — 77> means that after thre= 4, from the beginning of the
gradiometer there is a coil with one turn in the opposite di-
rection. The magnitude of the transfer function (12) ex-
pressed in decibels is

[H(z)i = 20log[2"sin" (X4, /2)]. (17)

Usually, the magnitude of the diter transfer functon

‘plot is divided in three parts: stop band. transition band. and

pass band. The stop band is usually evaluated by the maxi-
mum rejection given by the fiiter. In our case. this is equiva-
lent to the gradiometer balance reached.!' The transition
band is measured in terms of rolloff per decade of frequency
and the pass band by the cutoff frequency and maximum
gain. If the gradiometer is balanced up to 1077, the maxi-
mum rejection achieved will be — 80 dB at X' = 0. Assum-
ing k4,/2 ¢! in the transition band, one can have

rolloff = —20 N dB/decade. (18)
The cutoff frequency can be expressed as
= (2/4,)sin "' [(0.70T)V¥ ]. (19)

Finally, the maximum gain is
H(k.) =20log(2%), (20)
= /A,

where &, 7 as the gradiometer is a digital spatial

filter.
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TABLE [ Filter parameters to first- (see Ref. 12), second- (a) (see Ref.
13). second- (b) (see Ref. 14), and third- {see Ref. |§) order gradiometers.

Gradiometer Rollof k. k., Hik,.)
designs (dB/decade) (em~™") (em™") (dB)
first -2 0.15 0.31 6
second (a) - 40 0.4 0.62 12
second (b) - 40 0.62 0.98 12
third - 60 0.4 0.57 18

Table I shows the set of parameters of first-, second-,
and third-order gradiometers. The gradiometer maximum
rejection does not depend on the design, so it is not listed in
the table. The maximum gain of the pass band and the rolloff
per decade of frequency depends only on the order of the
gradiometer. As the order increases both parameters will
increase. In doing so, the transfer function will become
sharper because the rolloff will increase. The maximum gain
will be at different spatial frequencies for gradiometers of the
same order with different baselines. The frequency for maxi-
mum gain depends only on the baseline, i.e., a large baseline
will lead to a small k,,,. Finally, the cutoff frequency depends
on the order and baseline. If the order increases k. will in-
crease: however, if the baseline increases &, will decrease.

The shape of the spatial frequency spectrum depends on
the source position. For instance, a superficial brain source
will have a spectrum wider than a heart source.® Hence, a
large k. (short baseline) shail be used to detect a brain
source. However, the gradiometer design will always be a
tradeoff between its H(k,, ), rolloff, and ..

V.DESIGN OF A DIGITAL SPATIAL DIFFERENTIATOR

Another method for designing a digital filter is to obtain
the filter coefficients from the Fourier series representation,
as shown below. The transfer function of a nonrecursive di-
gital weighted sampler is‘®

Hik) = Z h,e
The filter coefficient 4, should in general be considered the

gradiomerer loop areas and can be obtained by taking the
inverse Fourier transform of A(k):

- /KA,

(21

A /Ay o
hy === H(kye"*™ dk. (22)
27 J s, .

As an.example. we describe the design of a digital differ-
entiator. The differentiaton corresponds. in the frequency
domain. to the multiplicaton of the Fourier transform of the
input by the factor jk. The characteristic of an ideal digital
differentiator is given by

H(k) =k, —m/d, <k <m/A,. (23)

The filter coefficients 4, can be obtained subsututmg (23)imn

(22), and truncating the resulting series:
25

for

R, =22 ( jye™™ dk, (24a)
2” — /4,
== e a=—Nw W, (24b)
na,
and 4, =0forn =0.
2822 J. Appi. Phys., Voi. 63, No. 8,15 Apnil 1988
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FIG. I. Transfer functions in X space (k, = 7/4,) of an ideal differentiator
{dotted line), a digital realization of it (continuous line) with ¥ = 3 (six
coils}, and a conventional first-order gradiometer {dash-dotted line) with
the same sampling period. (a) The differentiator and (b) the gradiometer
are represented in the inset. ’

The direct truncation of this antisymmetric sequence
will result in a spatial filter with a quite oscillatory transfer
function. The ripples can be virtually eliminated by using a
windowing technique to truncate the sequence of the spatial
filter coefficients (coil area). For instance, the Hamming
window is given by the following expression'’

w, = 0.54 +- 0.46 cos(nm/N), n=0 to N (25)

Windowing consists of multiplying the window factors w,
with the coefficients 4,. The new filter coefficients will be a
smoothly decreasing series. Such a differentiator would have
a nearly conical shape, since successive coils would have less
area.

As shown in Fig. 1, the transfer function for a digital
differentiator (continuous line), using ¥V = 3 (six coils) and
a Hamming window, is quite satisfactory when compared to
the one of an ideal differentiator (dotted line). It can also be
noticed in Fig. | that the first-order gradiometer (dash-dot-
ted line) acts for low frequencies as a differentiator. As noise
sources have only low-frequency Fourier components, a dif-
ferentiator has the same rejection for them as a first-order
gradiometer with the same sampling period. Moreover, it is
imporiant to siress that with the differentiator. not only the
noise burt tbe near source field will be differentiated.

If more noise rejection is required, a second-order differ-
entiator can be derigned in the same way. In doing so, the
filter coefficients (coils’ areas) will be the following:

for

hy= — /(34 %) . (26).
and
hy= =2{(=1D"(nd,)?], -Ntw N (27)

The transfer function of this second-order sf_aatial differen-
tiator using the same Hamming window with ¥ = 10 (20

for n =

- coils) and a conventional second-order gradiometer with the

RRMICG TR BR,

same sampling period, as shown in Fig. 2. Also shown in Fig.
2 is the normalized magnitude of the Fourier transforms
|B(k}| of a current and magnetic dipole placed, respectively,
at 4, and 5Q4, from the position of the first coil. As can be
seen, the differentiator will provide a better signal-to-noise
ratio, since it has more sensitivity for high-frequency terms
of the Fourier spectrum which constitutes the main signai of
interest.
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FIG. 2. Transfer functions in K space (k, = #/4,) of a second-order gra-
diometer (continuous line) and a second-order differentiator (dotted line),
with the same sampling period. Normalized magnitudes of the Founer
transforms of a near current dipole (dashed line) and far magnetic dipole
(dash-dotted line) sources.

V1. CONCLUSION

A review on the traditional gradiometer design process
was made. A complete equivalence of a gradiometer and a
nonrecursive digital spatial filter was shown, providing a
new method for synthesizing the conventional gradiometer
configurations. In addition to that. instead of a simple geo-
metric description, a set of parameters based on the filter
theory was proposed as a new way of reporting the gradio-
meter design. Finally, using digital design techniques, digital
spatial differentiators are designed and the transfer function
is compared to the one of conventional gradiometers.
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Discrete spatial filtering with SQUID gradiometers in biomagnetism

A.C. Bruno, P. Costa Ribeiro, and J. P. von der Weid
Department of Physics, Pontificia Universidade Catolica, Rio de Janeiro, Brazil

0. G. Symko

Department of Physics, University of Utah, Sait Lake City, Utah 84112
(Received 4 April 1985; accepted for publication 6 December 1985)

First-, second-, and third-order gradiometers used in detecting biomagnetic signals are analyzed
as spatial filters. Their transfer functions independent of the source to be measured are presented
and both the magnitude and phase characteristics of the transfer functions are analyzed. The

distortion introduced by the gradiometer can be estimated from these characteristics. In order to
treat the signal in that approach, the spatial Fourier transform of 2 magnetic signal produced by a

current dipole at a given distance is discussed.

INTRODUCTION

For a number of years SQUID magnetic sensors' have
been used in biomagnetism research and have been instru-
mental in significant achievements in the field. Usually the
signal is coupled to the sensor by a flux transformer which
has the detection coil in a gradiometer configuration for spa-
tial discrimination between signal and noise.? This technique
is also used in other fields of research involved in the detec-
tion of relatively weak magnetic fields, the monopole search
being one of them.*

A gradiometer can be basically described as an array of
coils, the lowest one, called the “pick-up” coil or “face
loop,””* being primarily sensitive to the near source of signal
and the others acting as “compensating coils” to eliminate
_ the far sources of noise. Such a simplification has to be aban-

. doned when a quantitative result is needed, as in the case for
the localization of brain sources; the influence of the “com-
pensating coils” on the signal should then be taken into ac-
count.’

Usually each laboratory working on biomagnetism has
its own gradiometer, described as being of first,” second,®° or
third order'®!! with given distances between coils, number
of turns, and area of each coil. The choice for the actual
values of these parameters has been rather qualitatively dic-
tacted by the kind of local background noise and signal to be
measured. Usually in a comparison of coils, the assessment is
based or noise level achieved by these different systems and

is presented as a value in fT/yHz for the equivalent field
spectral density or power spectrum of the noise in the pick-
up coil. '

With such an approach it is difficult to know the exact
noise rejection of each system (the actual background noise
is not known), thus making it difficult to compare them.
Also, if the source is not just a current dipole (as is the case of
the heart), the signal spatial dependence is not known. Such
shortcomings have been partially overcome by the approach
of Wikswo® and Storey.'? They used the reciprocity princi-
ple to make a comparison between different gradiometer de-
signs for noise rejection in the presence of magnetic dipole
sources only. The sensitivity of various gradiometer configu-
ratisons to only current dipole sources has also been calculat-
ed.

2584 J. Appi. Phys. 59 (7), 1 April 1986
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We present a more general approach'? to this problem
by describing analytically the gradiometer in terms of its
transfer function irrespective of the kinds of signal or noise.
Our approach is such that gradiometers are high-pass dis-
crete spatial filters whose transfer function enables a com-
parison to be made between the different gradiometer con-
figurations. Such transfer functions will help to select the
best design for-a given signal and noise, as well as to deter-
mine the effect of the “compensating coils” on the signal.

The fundamental idea in the use of gradiometers to dis-
criminate the signal from the noise is that in a given region of
space, the spatial magnetic field dependence can be fitted by
a polynomial (Taylor series). Far sources (noise in our ap-
plications) are fitted to only one to three terms of the polyno-
mial, since just the field and its first derivatives are predomi-
nant, while near sources (the signal in our case) will require
a larger number of terms. A gradiometer makes the spatial
discrimination by canceling the first terms of the polyno-
mial.

Although it is not customary procedure, the monotonic
magnetic field spatial deperdence can be fitted just as well by
a Fourier expansion. In such an approach, spatial discrimi-
nation is reached by using the fact that a distant source will
have low frequency components of its spatial frequency spec-
trum, while near sources will have low and high frequency
components. The spatial discrimination is then achieved by
using a spatial high-pass filter.

The use of spatial filters is well known in other fields,
such as optics'* or tomography,'® and can be instructive and
useful to apply to magnetic field studies in biophysics. This is
the goal of this paper. The gradiometer is presented as a
nonrecursive spatial filter with its own transfer function;
then this approach is compared to the conventional Taylor
series approach. Finally, the spatial Fourier transform of the
signal is considered, to show how the various gradiometers
(i.e., filters) will respond to it.

THE GRADIOMETER SENSOR: A TAYLOR SERIES
APPROACH

The general configuration of an /N th order gradiometer
is shown in Fig. 1. It consists of an array of N + 1 coils
connected in series, each with n; turns, and separated by the

©® 1986 American Institute of Physics 2584
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FIG. 1. Gradiometer of .V th order.

distance b; from the lowest coil. For simplicity, we consider

the case where they all have the same area 4. The equations ]

that characterize such a gradiometer are derived by consid-
ering the total flux ¢(z,!) applied to the array, with the
lowest coil at z, from the source,

© Plzg,t) = fl25)8(1)

N
=A(En,B(z,) (1, (N

i=0

where B(z, ) is the magnetic field component normal to the
plane of the coil, z; is the distance from the ith coil to the
origin, and g(¢) is the time dependence of the flux, expressed
separately since biomagnetic nelds are quasistatic.

Expanding B(z) in a Taylor series about the position z,
of the lowest coil and letting b, =z, — z,, Eq. (1) can be
written as

Do (Zo?) =A{”oB(zo) + nl[B(zo) +B“)(Zo)b1 +B(2)(Zo)(b§/2) + ]
+ nz[B(zo) +B(”(Z°)b2 +B(2’(Zo)(b§/2) + ] + }g(t) (2)

This can be arranged in matrix form as

Cng + 1y + ny + -
Riby + nyby +

Bt (Zt) = A [111..] 7 Ty

The above diagonal matrix expresses the effects of the array
of coils on the field and its derivatives B'",B@,... at z,, the
pick-up coil position. A gradiometer of /¥ th order will result
when the firsr N diagonal terms are canceled, that is impos-
ing the condition,'® :

N b a .

Sn—=0 a=0..N-1 (4)
' al

i=0

Such conditions are fulfilled by all existent gradiometers,
even by the so-called asymmetric ones that use different
areas for the sets of coils, and where 7, is not Jimited to be an
integer. . :

THE GRADIOMETER SENSOR: A NONRECURSIVE
SPATIAL FILTER APPROACH

A gradiometer detects a continuous time signal, sam-
pling it at discrete points in space b; which correspond to the
coils’ positions. The net detected signal, at each instant of
time, is a weighted sum of all those sampled values. Thus it
seems appropriate to use a digital mathemati¢s formalism
for describing the gradiometer sensor.

In such an approach, the output of a so-called moving
average or nonrecursive filter is generally expressed as'’

Im= 3 hx._. (5)

i=—
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This procedure defines a new set of numbers y,, from the set
of numbers x,, which correspond to the sampled values at
constant intervals. The weighting factors /#; depend on the
filter.

The discrete Fourier transform (DFT) of the signal
(see for example Ref. 17) at some instant of time can then be
expressed as

Xky= 3 xpe ™ (6)

where k is the wave number and A, is the distance between
two successiv- sampling points.

For our case of the gradiometer, assume that the dis-
tances b; can be expressed as multiples of A,

bi =Bi/{:’ ’ . (M

where 3, has integer values and 4, are the maximum com-
mon divisors of all the b;. The signal detected by the gradi-
ometer at position z,, over all its space will be

N
f(zm) = Zni¢(zm +b,‘)y

i=0
or considering the digital nature of the detection scheme,
N
fm= 2”1’¢m+i’ (8)
=0
where N + 1 is the number of coils, and &(z,, + b;)
= ¢, .. ; is the magnetic flux at the jth coil at some instant of
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PLANAR GRADIOMETER INPUT SIGNAL RECOVERY
USING A FOURIER TECHNIQUE

A.C. Bruno, A.V. Guida and P. Costa Ribeiro

Departamento de Fisica, Pontiffcia Universidade Catélica do Rio de Janeiro
C.P. 38071, 22453 Rio de Janeiro RJ, Brasil

1. INTRODUCTION

A great technical improvement in gradiometer construction has been obtained with thin film deposition
techniques (1, 2). These techniques usually lead to planar designs. However, the output signal for this kind
of gradiometer would be more difficult to interpret than the output of the common ajal ones (3). The spatial
dependence in the z direction, perpendicular to the coil plane, of a biomagnetic source is monotonic, but the
spatial dependence in the coil's plane, z and y directions are usually not monotonic. This means that the signal
in each pianar gradiometer coil could be equally large. In other words, in a planar gradiometer there is not a
pick-up coil that senses most of the signal and the compensating coils reject noise. This, would make it impossible
to find a solution to the inverse problem by simple inspection of the output measurements even for such a simple
source as the current dipole. However, it is always possible to use s fitting routine with variable parameters once
a known source is expected (4).

The object of this paper is to apply to planar configurations a digital spatial filier model previously developed
for axial gradiometers (5). This model will provide tools to overcome the problem of planar gradiometer output
signal interpretation, without making any previous assumption about the kind of field source.

2. RECOYERY METHOD

The three main elements in » system approach are the input, the output and the transfer function of the
system. According to this approach the gradiometer can be seen as a nonrecursive digital spatial filter having its
own transfer function. More specifically it can be seen as a moving average filter. This kind of digital Alter samples
the signal to be measured with a2 sampling period ), and then makes a weighted sum of the sampled sequence
according to weighting factors A's. The general expression for the transfer function H,(k) of this filter is (6):

Hylk) = Z: hie™ Ik, (1)

[P ]

The equivalence between a moving average fllter in space and an axial gradiometer is possible {5) because
the gradiometer also “samples” the magnetic fleld intensities at different coil positions, making a weighted sum
according to the number of turns in each coil {if a symmetric design is considered). Thus, xccording to (1) the
gradiometer spatial transfer function H(k) can be expressed as:

N-1

Bk)=A E nje~k (2)
=0

where L is the spaxial frequency, A Is the ares of the coils, N is the pumber of coils, ny is the number of turns
of each coil and [ s the base line. It is assumed that gradiometer coll’s surface iz s0 small that the field has
a uniform distribution over it. Also H[k) can be measured experimentally with a procedure already developed
(7). Substituting the usual values-for the n;'s and [, H{k) will have a high pass shape. To complete the system
tpproa:.h the gradiometer input can be defined as the field seen by the first.gradiometer coil 5(z) and the output
is defined as the flux seen by the whole gndxometer ¢(5).

In the case of planar gradiometers it is stmghtfowa.rd to a.pply the digital filier modeling as far as linear
gradiometers are concerned (3). The sampling now occurs in one direction of the gradiometer plane, for instance
the z direction. The same expression for H(k) can be used to show the eflect of the gradiometer aver the signal
to be measured.

As in any system, the relation between the input b(z) and the output ¢(z) in the frequency domain can be
expressed as:

(k) =H(K)B(E) 3)
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where &(k) is the Fourier transform of the output flux ¢(z) and B(k) is the Fourier transform of the input field
b(z). Thus the Fourier transform of é(z) can be obtained by: :

B(k) = #(k)/H (k). (4)
Since the output flux of the gradiometer ¢(z) can be measured, its Fourier transform $(k) can be calculated.

H(k) can be caiculated from Eq. 2, thus the input field &z) can be found by taking the inverse Fourier transform
of B(k) as follows:

i) = 52 /: B(k) & dk. (5)

~

3. SIMULATION

As an example, simulations of the recovery of the s component of. the magnetic flelds generated by a current
and a magnetic dipole are done. The signals are detected by planar first and second order gradiometers along the
z direction (see Fig. 1).

Fig. 1 - Schematic drawing of 7

first and second order linear

gradiometers. r X J\( J

They have loops of small area A separated by a distance /. To calculate the transfer function of the first
order gradiometer, the summation in Eq. 2 will have only two terms:

() =4[ - ). (6)

and for the second order three terms:
Hk)=4A [1 - oM & e-f“‘]. (7)
To produce the output ¢(z), the dipeles are positioned in the following way: the current dipole is placed
at the 7 axis 2, cm below the gradiometer plane and is oriented in the y direction; while the magnetic dipole is
placed at the same position but oriented in.the z direction. Then, the gradiometer is displaced along the =z axis

from —oo to +oo giving an output as a function of z. The output of 2 first order gradiometer for a current dipole
source placed at zo = 3cm, can be seen at Fig. 2 (dotted line) and is given by:

3
[ =]
Fig. 2 - Output sigral {dot- =
ted line) of a first order linear ,‘
gradiometer as a function of 2
distance for a current dipole L
source placed at a distance z, o
below the gradiometer. Recov- =
ered dipole field (continuous v
line) using the Fourier method. >
] [
= . .. \
-25 -12.5 0 12.5 25
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#(z) = A[b(z) -4z - 1)], (8)

where A =1, b(z) is given by the Biot-Savart law and 1 = 2em. The output is not symmetric in relation to the
origin due to the choice of taking the z = 0 position when the gradiometer's first coll is at the origin.

A Fourier transform is applied to the output ¢(z) and the result divided by H(k). The inverse Fourier
transform of the division can also be seen at Fig. 2 (continuous line) which is the well known current dipole
pattern. The difference between the recovered values and the actual current dipole fleld can be made as small as
we want, depending only on the numerical precision used for the Fourier calculation.

Fig. 3a and 3b respectively shows the isovalue contour maps of the output of a first and se<ond order planar
gradiometers over a grid of 6 X 6 points, each one separated by the gradiometer baseline (1), for a current dipole
source. The values of 2y and | were the same as before. To recover the dipole feld values in each position of the
grid, the Fourier procedure explained above should be used for each grid line. At Fig. 3c is displayed the isofleld
lines of the recovered feld.

Fig. 3 - Isovalue contour map of the output of  first (a) and second (b) order linear gradiometer for a current
dipole source placed at a distance zy below the measuring plane and oriented in the y direction. Recovered isofield
contours using the Fourier technique (¢).

4

Same as in Fig. 3, but using a magnetic dipole as source, isovalue contour maps of the output of the first
and second order planar gradiometers are shown in Fig. 4a and Fig. 4b respectively. The output of the algorithm
is displayed in Fig. 4c

. - - . . - 3 . . - . . . . . . - -
-a=
A N REIRR - .
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4 r_‘\ ,/,r \\\
-
e MY . lIl NSIL
- i N . .
* 1 vy, l\‘l II',/ \\‘,l
[ ‘nl l'|l Yy
Yoy n KL I
! ) , . e _s ! . .
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\\ -7 AR
- o - . . \\o s’ . ¢ .
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. . . a . * * 0 L4 L4 b L d . * * * L C . . *

Fig. 4 - Isovalue contour map of the output of a first (a) and second (b) order linear gradiometer for a magnetic
dipole source placed at a distance zy below the measuring plane and oriented in the z direction. Recovered isofield
contours using the Fourier technique (c¢).
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4. CONCLUSION

In order to implement the algorithm, some precautions must be taken to assure from a pumerical point of
view, a well behaved calculation. Theoretically H(0) = 0, the gradiometer’s areas were made slightly different to
avoid division by zero in Eq. 4, with H{0) having the value of 0.001. The integral limits of the Fourier integrals
in space (direct) and in frequency (inverse) were carefully chosen to cover a finite area over the Integration axis
(8). The values used in the examples were =30 to +30cm in space and =3 to 3em™! in frequency. Concerning
practical measurements, when the output analytical expression is not availabie as in Eq. 8, the algorithm precision
would be a function of the number of output measurements taken, the distances between them and, of course, the
experimental errors. In previous calculations, a negligeably small area has been assimed; thus the two sampling
points located at 0 and 1, correspond to the center of the gradiometer coils. A possible way to take into account
a finite area effect, is to consider the rectangular shape a¢ Fig. 1. This can be done by using many more sampilng
points, assuming a new A, much smaller than {. This will be equivalent to subdividing the area into a large
oumber of small adjacent *loops”. Decreasing 20 times the sampling period, the transfer function of the first order

gradiometer H, (k) is given by:

A )t -
Hib)=g5 ), me ™, | ()
i=~§

where n; = 1, for i from -5 to 4, ny = 0 and n; = 1, for i from 6 to 15. The magnitude of the transfer function
given by Eq. 9 differs less than six percent from Eqs. 6 and 7 for frequencies up to 1¢m™!, Thus, the correction
for a gradiometer with a finite area would be small.

In conclusion, the magnetic fleld spatial distribution of & magnetic and a current dipole sources were
recovered from the gradiometers. The algorithm used does not depend on the kind of fleld source and enables the
study of fields originated by non simple sources, as cardiomagnetic and more complex neuromagnetic sources. It
can be noticed that the isovalue contour lines obtained by displacing the gradiometer over the points of a grid
could be obtained by an array of planar gradiometers, thus the described algorithm seems to be very suitable to
handle a gradiometer array output.
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Figure 2. Experimental contour map illustrating the
distridbuticn of the magnetic signal generated by a
current dipole located at a distance of 3 cm from the
wound-wire planar gradiometer, and inside a glass
sphere filled with a saline solution. Shaded areas

represent negative polarity. Units are in centimeters.

Fig.2 shows the experimental pattern obtained from
the model source with the wound-wire planar
gradiometer described above, whereas fig.3 shows the
pattern as measurec from the same source by the four
vertical gradiometers system. The latter is clearly
very similar to the well known theoretical pattern

generated by a current dipole in a homogeneous

conducting sphere.2 The lecalization algorithm carried
out on the measured distribution provided a quite good
agreement in the location of the source (less than
Slighthly larger
source

1 mm for each orthogonal direction).
error (few millimeters) was obtained in
localizaztion from the experimental map of fig.2. This

i) a larger sensitivity of
errors in positioning the

may be due to two reasons:

planar gradiometers to

ii) a too large spatial sampling rate, which
identiczl to that used for the vertical
These sources of error are more
since they

sensor;12
was Kkept
gradiomezer system.
critical when using slanar gradiometers,
exibit a strong dependence on the angle between the
sensor axis and the source, and because of the
of planar devices to higher

enhanced sensitivity

6
spatial frequencies.

Results on human subjects

The wound-wire planar gradiometer was used to
measure anc map the magnetic field associated with
near* and brain activity.

Fig.4 shows an averaged magnetocardiogram as
measured from a normal subject in a recording bandwith
0.1-250 H=z. Similar traces were recorded at 48
Positions of the subject's chest, according to the

1171
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Figure 3. Experlmental.contour mar illustrating the

distribution of the magnetic field generated by the
same source as in the previous figure, as measured by
a four-channel svstem using vertical gradiometers with
a baseline of 7 cm. Shaded area represents negative

polerity. Units are in centimeters.

conventional grid for cardiomagnetic measurements1
enlarged by 2 columns. The quality of the
permits to calculate spatial mapping of the measured
signals at successive time instants. An example is
reported in fig.5, where the maps refer to that
portion of the heart cycle commonly defined as QRS
ccmplex. The maps are separated by 10 ms, according to
the time scale of fig.4. A localization algorithm
carried out for the maps at 200 and 250 ms gave a
source localizaton well in agreement with the known

races

"location of the ecguivalent current dipole for that

1
portion ¢f the heart cycle.

10 -

~-20 L . L 1 ! L 1 2 ! J

400 S00 800 700 800
ms

o 100 200 300

Figure 4. Magnetocardicpgram recorded over the chest of
subject using the wound-wire gradiometer
system. The trace is obtained by averaging 64 heart
beats. The vertical scale represents the field
strength expressed in picotesla, divided by the
baseline b of the gradiometer (2 cm).

a normal
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Firure 5. Sequence of contour maps illustrating the =
tinie instants of the heart cycle,

were obtained fron the magnetic signals measured a- 4
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cd in the text. Units zre expressed in centi <

Tne same system has been also used %o rec
neuromaprnetic activity evoked by the s imulation cf
the madian rerve at the wrist of 2 normal subiect. The
stimulation censisted of a shert current pulse {100 us
curatioern, slightly ateve the thumb
threshold).  Fig.® shows an examnle of the measured
avorwd activity in a recording bandwith 1-200 Hz.
Adecv=ie maonins of somatosencory signzls in order to
achieve source localizatic. is beir
laboratsry.

movement

+ carriead on in our

Conclusions

The feecsibility of vusing planar gradiometers to
detect biomasnetic fielas was experimentally checked,
both on a model scurce an¢ on human subjects. The use
of & wound-wire plerar gradioneter coucled to a RF
STUID renresents only a preliminary approach, since a
much better signal ts noise ratio ‘might presumably be
obtained using wmicrofabricated planar gracdiometers
Cirectly intesrated with DC SQUIDs in a sirgle chip.
Intertionzlly, the dimensions of the wound-wire planar
cradicmeter were chogen not tos Jiffercnt [row those
ochievablic bty aicrofabricaticn. A much larper signal
Lo noise ralio shonid *hen be ensured by the better

" rmerformances of D¢ SOUICs.. In spits of the limitations

“ *he presently used devic: the rosul€s were in goac

indicated below - ¢ -an, anu referring to the time scale in Fig. 4. The maps
«, ~g of the subject's chest according to the procedure

. The shaded areas represent negative polarity.
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:tion of the measured magnetocardiopram at S.c:2ssive

rreement with those odbtuined with conventiorna:

thus supportiing the idea that
crazcicneters arz  the best candidates for

virtizal grediometers,
nlanar

intepgration in l:~-e bioma-natic systers.
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ceg 6.

Neuromagnatic evoked response elicited by
electric ztinmulation of the median nerve at the left
urist of a nornal subject, as measured cver the right
Deviations from the zero line
~enresent various commonents in trhe cerebral response
ocecurrirg at increasing delays, or latencies
atimulus enset (at £=C s).

comatosensory cortex.
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Neuromagnetic localization performed by using planar gradiometer

configurations
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The spatial discrimination of planar and axial gradiometers is compared by using a spatial
filtering model. By measuring somatosensory evoked fields, equivalent current dipoles were
localized with the use of planar gradiometer outputs. The planar configurations were obtained
by combining, in a proper way, the outputs of a four-channel biomagnetic system. It was
observed that with a proper signal-to-noise ratio, the use of the planar configurations did not

significantly affect the localization precision.

INTRODUCTION

The impressive results achieved in the investigation of
brain and heart physiology and pathology by the biomagne-
tic method have given an extraordinary impulse to the devel-
opment of multichannel SQUID systems.'~* Although the
present state of the art is constrained to instrumentation
with a limited number of adjacent magnetic sensors, it is
commonly agreed that the final goal of a real time functional
localization will be achieved with instruments able to detect
biomagnetic signals at approximately 100 adjacent sites of
the scalp or of the chest and to perform this detection simul-
taneously.

Several studies performed recently*™® have proposed an

* alternative solution with respect to the traditional detecting
configuration that couples axial gradiometers to the
SQUID. Indeed, the use of an axial geometry for wound wire
gradiometers, besides the fact that has been widely adopted
in almost all the biomagnetic systems operating in the world,
presents several drawbacks when integration in large arrays
is required.” Although the performances of arrays of axial
and planar gradiometers have been compared,”® all com-
parisons were based, so far, on computer simulations. The
time when practical devices will become available for experi-
mental checks is not far away, nevertheless some prelimi-
nary approaches can be done with existing devices, certainly
in not optimized conditions, to verify at least some of the
predicted performances. In this work a comparison between
the current dipole sensitivities of axial and planar gradio-
meters is made. In addition, an experimental study about the
localization performance of planar gradiometers is reported
when measuring neuromagnetic sources. The planar gradio-
meter configurations were obtained by using an appropriate
combination of the outputs of the four-channel biomagnetic
system operating at the Istituto di Elettronica dello Stato
Solido in Rome.® ‘

THEORETICAL ANALYSIS

The spatial discrimination of planar and axial gradio-
meters can be evaluated by using a spatial filtering model

' Present address: Istituto di Elettronica dello Stato Solido-CNR, Rome,
Italy.
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previously developed'® for analysis and design of gradio-
meters. This model consists of a gradiometer as a nonrecur-
sive digital spatial filter. According to it, the gradiometer
samples in space, the magnetic field intensities, at the differ-
ent coils positions, where the sampling period is the gradio-
meter baseline. Also, a weighted sum of the sampled se-
quence is made with the weighting factors being the area of
each coil. The gradiometer spatial transfer function H(4)
can be measured,'' or can be obtained theoretically'? by tak-
ing the discrete Fourier transform of the sequence of number
of turns of the gradiometer coils 7,

N
Hk) = Y ne ™, (1)
i=0

where NV is the gradiometer order, & is the spatial frequency, .
and A, is the baseline. If the usual values for #, and A, are
used in (1) the transfer function has a high-pass shape.'?
The spatial discrimination is accomplished because distant
sources have only low-frequency components and near
sources low- and high-frequency components in the spatial
frequency spectrum.

Evaluating the gradiometer input and output energies in
the frequency domain, and for certain ranges of source and
sensor parameters, we can see a higher degree of spatial dis-
crimination of a planar gradiometer when compared with an
axial one. As planar gradiometers do not have the pickup
coil,® the term first coil will be used in general, meaning the
pickup coil in the axial case and one reference coil in the
planar case. In the space domain, the gradiometer input is
defined as the flux seen by just the first coil and the output as
the flux seen by the whole gradiometer. In the frequency
domain the spatial Fourier transform ®,(%) of the gradio-
meter output flux is the product of the transfer function
H(k) by the spatial Fourier transform ®, (k) of the input
flux

©, (k) = H(k)P, (k). (2)
The input and output energies, respectively, £, and E,, can
be calculated by integrating the square of the magnitude of

the spatial Fourier transform of the input and output sig-
nals'’:

E, =J |d, (k)|*dk (3
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and
E(,:f |Po (k)| dk. (4)

Let us assume that signal and noise are detected by an axial
first-order gradiometer and by a linear gradiometer® with
the same baseline and unity coil areas. The spatial transfer
functions are the same since the difference between the two
designs is only in the direction of the spatial sampling, z for
the axial and x for the linear design. The rejection of distant
sources (noise) is the same, because they have uniform spa-
tial distribution in all directions. However, there is a signifi-
cant difference for a biomagnetic source due to the different
spatial distribution of the near dipolar field in different direc-
tions. Thus, the input field of the linear gradiometer is differ-
ent from the one of the axial gradiometer for near sources. In
Figs. 1(a) and 1 (b) itis shown that the spatial Fourier trans-
forms of the input flux (continuous line) generated by a near
source and its correspondent output flux (dashed line) of,
respectively, axial first-order and linear gradiometers. The
input field is generated by a current dipole pointing in the y
direction and placed below the gradiometers plane at a dis-
tance equal to one baseline. Notice that the Fourier spec-
trum is monotonic in the z direction, with the higher-intensi-
ty components laying near frequency zero. However, itis not
monotonic in the x direction, with the peak frequency de-
pending on the dipole depth. As the gradiometer acts as a
high-pass spatial filter, it will reject low portions of the fre-
quency spectrum and, therefore, the input signal in the x
direction is less affected by it.

For example, suppose that the current dipole depth and
the gradiometer baseline are equal to 3 cm. By using the
spatial dependence of the dipolar field, given by the Biot-
Savart law, and evaluating integrals (3) and (4), the output
of the first-order gradiometer has 35% energy less than the
energy coupled to the first coil. However, for the linear gra-
diometer, the energy loss is about 25%, so there is a gain in
the output energy. If the dipole depth is increased to 6 cm,
the axial and linear output energies have losses of, respec-
tively, 80% and 65%, which is still in favor of the linear
geometry. With this higher sensitivity to near sources,
planar gradiometers should discriminate a better signal
against noise. On the other hand, the paitern detected when
sensing this typica® biomagnetic model source is more com-
plex, since in the planar design there is no pickup coil and
also is lacking a rotational symmetry.

EXPERIMENTAL MEASUREMENTS

In order to study the localization performance of planar
gradiometers, planar configurations were obtained by com-
bining the individual outputs of a four-channel system. Two
kinds of planar configurations were obtained: the linear de-
sign, by making the difference between two channels, and
the quadratic design,® by making channel | — channel
2 + channel 3 — channel 4. There are some critical prob-
lems with this planar simulation. The V/T calibration ratio
of each channel has errors that can be estimated as about
10%. Also, the noise in the system channels is uncorrelated.
As the measurement bandwidth is about 2 kHz, additions
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F1G. 1. Spatial Fourier spectra of the input flux (continuous line) and out-
put flux (dashed line) of an (a) axial first order and (b) a linear gradio-
meter. The input flux is generated from a current dipole placed 3 cm below
the gradiometers plane. Both gradiometers have a 3-cm baseline.

and subtractions between channels will result in a planar
gradiometer noise higher than the noise of each channel.

The four-channe! system is composed of four axial sec-
ond-order gradiometers, having coils with a 1.5 crm diam and
a 7 cm baseline. The distances between the axis of the gradio-
meters are 2 cm. Each channel of the system has different
sensitivities, channels 1 and channel 2 have 45 fT/v/Hz,
channel 3 has 55 fT/v/'Hz, and channel 4 has 40 fT/v/Hz.
As we will see later these different sensitivities of each chan-
nel will play a very important role on the planar configura-
tions performances. We have detected somatosensory
evoked fields (under median nerve stimulation) produced
by shallow sources, 2 cm in the average. With the scalp-to-
pickup coil distance being about 2 cm, the baseline is almost
twice the distance from the first coil to the dipole. This will
entail an average localization error'* of about 8% if the axial
gradiometer of each channel, for the planar simulations, is
treated as a magnetometer.

RESULTS AND DISCUSSION

The results in source localization obtained by using the
four channels are compared with the ones obtained by using
the planar configurations output. After data acquisition, fil-
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tering, and averaging, a localization program currently in
use in this laboratory’ finds the intensity, direction, and posi-
tion in the brain of an equivalent current dipole responsible
for the measured field. The localization program was modi-
fied to accept the new data and to account for the planar
designs. Four different measurements were performed in
two different subjects. The equivalent current dipole depths
of the evoked stimulation found with the original system
ranged between 1.2 and 2.5 cm from the scalp in the four
measurements. The original dipolar patterns of these mea-
surements were checked by looking at the output isofield
contour maps at a certain instant of time. One of them can be
seen in Fig. 2(a) (polarity net shown), as well as the 48
measuring positions. The isofield contour map obtained
combines the outputs of the axial gradiometers in order to
simulate a linear planar gradiometer, as described above, in
correspondence of the same measurement and instant of
time can be seen in Fig. 2(b) (polarity not shown). The 12
straight lines in the figure represent the sensors whose out-

puts were subtracted. This contour map of course does not
have the same graphic significance of the preceding one,
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FIG. 2. Isofield contour maps of somatusensory evoked responses by using
(1Y the four-channel system in 48 measuring positions, and (b) a linear
configuration in 12 positions for the same measurement and instant of time
(1 ms). The straight lines in (b) join the sensors whose outputs were sub-
tracted.
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since it has the same number of contour lines of Fig. 2(a) but
four times fewer measuring points. Also, it would not be
equal to a contour map detected by a linear gradiometer,
since the equivalent linear configurations are rotated from
position to position, as can be seen in the figure. The measur-
ing positions could not have the proper spatial distribution,
concerning gradient measurements, because of the measur-
ing procedure (the dewar could not be rotated).

Comparisons with the original results are done by
checking the errors in the position (P), strength (Q), and
orientation (V) of the equivalent current dipole, found by
using the planar geometries. The dipole localization is done
in terms of spherical coordinates 8, @, and r, referred to the
best sphere that fits the subject head. Hence, the total rms
localization error, E,, is defined as

o T
P 9 ¢ T . y

where A8 /8, Ad/d, and Ar/r are the relative percentage er-
rors for the position coordinates obtained by using the origi-
nal output and the relative percentage errors obtained with
the planar outputs. The values of 8 and ¢ provided by the fit
were in all cases about 1 and 6 rad, respectively. The com-
parison between the original and new results can be complet-
ed considering the strength error £, = AQ/Q and the ori-
entation error, E, = AV/V.

Table I shows minimum and maximum errors obtained
in the four measurements with the linear and the quadratic
configurations. The planar configuration obtained by mak-
ing the difference between channels 1 and 4 had the mini-
mum errors. The localization error was 10%, the strength
error 2%, and the orientation error 0.5%, which are indeed
very small figures. This was intuitively expected since this
linear configuration was obtained by using the two channels
with the best sensitivities, respectively, 45 and 40 fT/v Hz.
The maximum errors were obtained in another measure-
ment with the linear configuration being the difference be-
tween channels 3 and 4. The errurs were 18% for position,
14% for orientation, and 35% for strength. The difference
between these two results is due to the different intensities of
noise in each linear configuration. Also, the depths in the
two measurements were different, 1.2 cm from the scalp in
the former and twice deeper in the latter, which can explain
the big difference between the minimum and maximum
strength errors. Concerning the quadratic design, the differ-
ences between minimum and maximum errors were much
smaller than in the linear case. This is due to the stronger
effect of uncorrelated noise in the four channels. The average

(3)

TABLE I. Maximum and minimum relative percentual errors obtained for
localization, strength, and orientation, in four measurements by using the
outputs of linear and quadratic gradiometers when compared with the re-
sults obtained with the original four-channel system.

Planar Ep(%) Ep(%) Ey (%)
gradiometers min-max min-max min-max
linear 10-18 2-35 0.5-14
quadratic 15-17 2744 4-9
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TABLE I1. Maximum and minimum relative percentual errors obtained for
localization, strength, and orientation, in four measurements by using the
outputs of channel 3 only and channel 4 only, when compared with the
results with the ongmal four-channel sysiem.

Axial E(%) Ey(%) Ey (%)
gradiometers min~max min-max min-max
channei 3 16-38 15-37 8-17
channel 4 6-11 3-6 2-8

errors were 16% for position, 35% for strength, and 7% for
orientation. These errors are in the same range of the ones
obtained by using channel 3 as one of the elements in the
linear configuration. The maximum orientation error found
with all the planar configurations was 14%.

The original system has provided 48 measuring posi-
tions for the localization program and the planar configura-
tions of only 12. In order to see the influence of the spatial
sampling in the localization accuracy and, most important-
ly, the influence of each channel sensitivity, let us use just
one channel of the system giving for the localization pro-
gram the same number of measurements as in the planar
case. In Table [T are the errors due to using just one channel
to perform the localization. As it is a question of sensitivity,
we have used the channels with best and worst sensitivity,
respectively, channel 4 (40 fT/yHz) and channel 3 (55
fT/yHz). The minimum errors were found, as was expect-
ed, by using channel 4. They were 6% for position, 3% for
strength, and 2% for orientation. In an overall view, these
errors are very similar to the minimum errors obtained with
the linear configuration. Performing the localization by us-
ing channel 3 only, the minimum errors obtained were 16%
for position, 15% for strength, and 8% for orientation.

However, the maximum errors have reached 38% for posi-
tion, 57% for strength, and 17% for orientation. These er-
rors are bigger than the maximum errors cbtained in all
planar configurations. Thus, it seems clear that the use of
channel 3 has placed a limit on the sensitivity of all the
planar configurations obtained by using it.

CONCLUSION

It was experimentally checke” that the use of the com-
plex planar configuration outputs did not significantly affect
the localization accuracy, provided-that the signal-to-noise
ratio was sufficiently good. Hence, as an extension to a re-

2101 J. Appl. Phys., Vol. 85, No. 5, 1 March 1989
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cent work'® concerning only axial gradiometers, the local-
ization performance is still a problem of signal-to-noise ratio
even if a planar gradiometer is used. The number of measure-
ments and the spatial sampling are also important factors to
consider. However, in a multichannel context, as we saw
above in a limited scope, all gradiometers must have almost
the same sensitivity, otherwise, increasing the number of
channels and consequently the spatial sampling, will not sig-
nificantly enhance the localization precision.
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Abstract

A digital filter model used previously to describe axial gra-
diometers is used here to study arrays of planar first order gra-
diometers.  As an application of this technique a spatial de-
convolution algorithm is developed to recover from the output
measurements the input field. The influence of parameters like
source depth and the gradiometer array density is also discussed
py means of computer simulations.

Introduction

Nowadays biomagnetic field measurements' are made in
several research institutes and hospitals. Usually in these envi-
ronments, magnetic ncise intensitics surpass biomagnetic fields
py various orders of magnitudes. One of the methods used to

consists of coupling a set of coils in a gradiometric® configu-
ration to a rf or a de SQUID?. The gradiometer attenuates
drastically fields originated from distant sources (noise}, but it
is sensible to fields from near biomagnetic sources. Generally
the measurements are taken by displacing the gradiometer over
a great number of positions in the vicinity of the biomagnetic
source, which is time consuming and allows changes on the sub-
ject conditions from one measurement to another. The need
for muliti-channel systems has given recently, an extraordinary
impulse to their development although at present contrained to
a limited number of adjacent channels*~¢.

The gradiometer configuration can be axial® or planar’.
Usually axial gradiometers are made by winding supercon-
ducting wire round a low thermal expantion support.. Due
to mechanical limitations of this process, some compensating
adjustments®® must be added to increase the gradiometer per-
formance. Recently a great technical improvement in gradiome-
ter and SQUID construction has been obtained with thin film
deposition techniques'®~'? which will allow fabrication of ar-
rays with a large number of detecting sensors. Usually providing
planar geometries, this technique leads to gradiometers with an
intrinsic balance!!'? better than the axial gradiometer made
of wire. However, the planar design has a difficult output sig-
nal interpretation'?, because planar gradiometers do not have
a pick-up coil that senses most of the signal and compensating
coils for noise rejection as in the case of the axial one. This
happens because the spatial decay in the z and y directions are
usually not monotonic as in the case of the z direction.

The objective of this paper is to apply a digital spatial
filter model previously developed to analyse and design axial
gradiometers'®~ !* to arrays consisting of planar gradiometers.
This model will provide a characterization for the array, in terms
of its spatial transfer function. Using this model, it will be possi-
ble to recover the original spatial dependence of the field source,
overcoming the problem of the planar output signal interpreta-
tion. As-a consequence, it will also give tools to study the
optimal number of sensors, distances between them and array
shape.

Digital Spatial Filtering Model

The gradiometer can be regarded as a nonrecursive digital

Manuscript received August 22, 1988

overcome this problem is known as spatial discrimination. It -
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SPATIAL DECONVOLUTION ALGORITHM FOR
SUPERCONDUCTING PLANAR GRADIOMETER ARRAYS
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Caiza Postal 38071, Rio de Janesro, 22458, Brazl.

spatial filter having its own transfer function. More specifically
it can be seen as a moving average filter in space. A time digital
moving average filter samples the signal to be measured with 2
sampling perio” T and then makes a weighted sum of the sam-
pled sequence according to weighting factors A)s. The general
expression for the transfer function H,(w) of this filter is'®:

Hlw)= ) he ™, (1)

1= =

where w is the temporal frequency. Notice that Eq. 1 is the
discrete Fourier transform of the sequence h,.

It is possible to make the equivalence between a moving
average filter in time and an axial gradiometer because the gra-
diometer also samples the magnetic field intensities at the differ-
ent coils’ positions along the z direction, making a weighted sum
of them according to the number of turns of each coil. Hence,
according to Eq. 1 the gradiometer spatial transfer function
H(k) could be expressed as :

N -1
H(k)= Y nei*s (2)

1=0

where k is the spatial frequency, N is the number of coils, n, is
the number of turns of each coil and A, is the baseline. It is as-
sumed that gradiometers’coils surface are smali enough so that
the field has a uniform distribution over thern. Also H(k) can be
measured experimentally with a procedure already developed'”.
Substituting the n,’s and A, by the values usually used for gra-
diometers, H(k) will have a high-pass shape'*. The spatial dis-
crimination is accomplished because far sources have only low
frequency components of its Fourier spectrum, which are at-
tenuated. On the contrary, near sources have low and high
frequency components.

In the case of planar gradiometers it is straightforward to
apply the digital filter model developed for the axial gradiometer
as far as linear’ gradiometers are concerned. The sampling now
occurs in one direction of the gradiometer plane, for instance
the z direction. Thus, the same expression for H{k) can be v.ed
to characterize the transfer function of the linear gradiometer.
For other types of planar designs which sample in more than one
direction'?, the transfer function could be calculated by taking
the two dimentional discrete Fourier transform'® of the matrix
that would represent the areas of each coil.

Recovery Method and Simulations
>

As a system approach, an input and an output must be
defined. The spatial filter input will be defined as the fux seen
by the first gradiometer coil ¢, (z) and the output will be defined
as the flux seen by the whole gradiometer ¢,{z). The relation
between the input and output in the frequency domain can be
expressed as:

@, (k) = H(k) (k) (3)

where ¢,(k) is the Fourier transform of the output flux ®..(z)
and &, (k) is the Fourier transform of the input flux ¢;{z). Since
#.(z) can be measured, its Fourier transform ¢, (k) can be cal-
culated. Also H (k) can be calculated from Eq. 3 thus, the
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input flux ¢,{z) can be recovered by taking the inverse Fourier
transform of &, (k) as follows:

R A 21 L VY
¢.(z) = -2-;/.“ 7 (4)

The concept of Lhe linear gradiometer transfer function can
be extended to the entire array because each gradiometer sam-
ples in the same plane of the array grid. It is the same as if
one gradiometer would be displaced over the grid. It should be
stressed that this is not the case of an array of axial gradiome-
ters since they sample along the z direction and not over the
plane of measurement.

Some recovery simulations are made of the z component of

_ the magnetic field generated by the most common model source
in biomagnetism, the current dipole. The signals are detected
by arrays consisting of first order linear gradiometers along the
z direction. The arrays are squared and have an uniform gra-
diometer density. They are characterized by the array param-
eter g which is the distance among the array elements. The
gradiometers have loops of negligible small area separated by
the baseline A,. To generate the output flux é,(z), a dipole is
placed in the center and below the array plane pointing in the y
direction. The recovery can be made with virtualy no errors‘®,
if the array is composed of an infinite number of gradiometers.
However discretization and truncation of the infinite array can
produce large recovery errors if the array is not designed prop-
erly.

The digital sampling of a continuous signal is a twofold
problem: first the sampling frequency must be chosen and then
the number of samples. An error in choosing the sampling
frequency will lead to an overlap of the periods of the digital
Fourier spectrum, this is called aliasing'®. An abrupt trunca-
tion of the digital sequence will lead to a spectrum with ripples.
As the recovery is made by taking the inverse Fourier trans-
form of the output spatial frequency spectrum, an error in its
calculation due to the discrete nature of the array, will lead to
a wrong recovered value for:the input field.

Let us assume that the model source is at a depth d = 2,
and is detected by an squared 7x7 linear gradiometer array with

an array parameter a = A,. The countour plot obtained by
using the array output is shown in Fig. 1.

_6_6

Fig.1 - Isovalue contour plot produced by the output of a 7x7
array of linear first order gradiometers with baseline A, and
with an array parameter ¢ = X,. The source is a current dipole
at adepth of d = 21, (A, = 2¢em).

Using the procedure described above, the recovered 1s0fe.d
plot can be seen in Fig. 2, which is quite similar to the we]|
known current dipole pattern.
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Fig.2 - Recovered isofield contour plot of a current dipole soarce
at a depth of d = 2,, detected by a 7xT array of linear Grst
order gradiometers with baseline A, with an array para—eter

a= A, (A =2cm).

If the dipole source is at a smaller depth d = A, 2xd is
detected by an array with a larger array parameter ¢ = 1524,
the recovered isofield plot is shown in Fig. 3. Notice ita: the

plot is largely distorted.
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Fig.3 - Recovered isofield contour plot of a current dipex source !
at a depth d = A,, detected by a 7x7 array of linear £x=< order*
gradiometers with baseline A, and with array paramesr a =
1.5, (A, = 2em).

More quantitative information can be obtained by i==pecting
the matrix whose elements are the percentage errors 2ecween
the recovered input values and the ones that would be atzained
if just single loop coils were used. Matrix (5) represems the
errors at the 49 detecting positions of the first case, i.e. £€=22,
and a = A,.
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-12 -9 -6 06 9 12
-11 -9 =505 9 11
-11 -8 -4 0 4 8 1l
-1 -7 =303 7 10 (5)
-1l -8 -4 0 4 8 11
-1 -9 -5 05 9 1
12 -9 -6 0 6 9 12

As it can be seen, the error is larger for the sensors positioned
more distant from the source. This is due to the truncation
effect. If the line of sensors is far from the source the output
flux between them will vary slowly in space. Thus, truncation
will produce strong ripples in the {requency spectrum, since the
signal will not be finite in that region of space. The zero line
is because the gradiometer input and output for the symmetry
axis of the dipole field is zero.

Matrix (6) represents the percentage errors at the 49 de-
tecting positions of the second case, when the array parameter
is larger than the source depth (d = A, and a =-1.5),).

-18 -13 -8 0 8 13 18

-18 ~12 -5 0 5 12 18

-25 =12 -7 O 7 12 25

-256 -127 -37 O 57 127 256 (6)
"-25 -12 -7 0 7 12 25

-18 -12 -5 ©0 5 12 18

-18 -13 -8 0 8 13 18

Notice the strong effect of aliasing in the center line of the array.
Since the source is too close to that line of gradiometers, the
spatial dependence will vary rapidly in space and the array pa-
rameter will be over the Nyquist period. A previous study of the
spatial sampling of a current dipole field gave an upperbound
for the sampling period of about 70% of the source depth®®. As

it was expected, the overlap of the periods in the digital spec-

trum produces bigger errors in the recovery than the ripples on.

it. The following line of sensors is more distant to the source,
so the array parameter should be more close to the Nyquist pe-
riod. However, comparing the errors with the ones in matrix
(5) it can be seen that there is still some aliasing. The small
intensity of the aliasing produces small errors in the recovery
although bigger than in matrix (3) where there are errors due
only to truncation.

The last example shows how truncation effect can be de-
creased. Thesourceis at a depth d = 2 A, and it will be detected
by an squared array of 11x11 gradiometers with the same array
parameter of the first case a = A,. The percentage errors can
be seen in matrix (7).

-21 —-17 -12 -11 -9 0 9 10 12 17 21
-20 =17 -1 -9 -7 0 7 9 10 16 20
-20 -16 -9 -7 -5 05 7 9 16 20
-20 -16 -7 -5 -3 0 3 5 7 16 20
-20 -15 -6 -4 -2 0 3 3 6 15 20
-20 -14 -6 -3 -2*0 2 3 6 14 20 (7)
-20 -15 -6 -4 -3 0 3 3 6 15 20
-20 -16 -7 -3 -3 0 3 5 7 16 20
-20 -16 ~9 -7 =5 0 5 7 9 16 20
-20 —-17 -11 -9 -7 0 7 9 10 16 20
-21 -17 =12 -1 -9 0 9 10 12 17 21

The border positions have errors which are bigger than the
ones in matrix (5), because the gradiometers at the borders of
the 11x11 array are farther from the source than in the 7x7 ar-
ray. Consequently, the signal will vary slower in space producing
a stronger truncation effect. However by observing the errors
at the positions c?rresponding to the borders of the first array,
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it can be seen that the worst error in matrix (5) was about 12%
and at the same position in matrix (7) it has dropped to 9%.
In conclusion, by using a digital spatial filter model for the
gradiometer it was possible to develop an algorithm to recover
the input flux from the output measurements of a planar gra-
diometer array. With a properly designed array as in the first
case the input flux was recovered with errors between 3% and
12%. This was enough to provide a contour plot quite similar

‘to the one that would be obtained if the source was detected

with a single loop coil array. Finally, by studing the correctness
of the recovered values, it will be possible to design an array for
an specific kind of measurement. :
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ANEXO 10



SPATIAL FOURIER TECHNIQUE FOR CALIBRATING GRADIOMETERS

A.C. Bruno, C.S. Dolce, S.D. Soares and P. Costa Ribeiro
Departamento de Fisica, Pontificia Universidade Catolica
Caixa Postal 38071, Rio de Janeiro, 22453, RJ, Brasil

INTRODUCTION

One of the main features of the biomagnetic technique is the possibility to iden-
tify and locate sources of bioelectric activity with an uncertainty of a few millimeters.
The use of multichannel systems not only eases this procedure shortening the time
of the measurement session but also enables simultaneous measurement at different
points in space, making possible the observation of non periodic phenomena. However,
a multichannel system can introduce an important source of error in the localization
result, if the calibration factor (feld/voltage) of each channel is not measured with
an extreme accuracy (Costa Ribeiro et al, 1988). The perspective of using planar
gradiometers in Biomagnetism imposes further difficulties to adapt the calibration
procedures normaly used for axial gradiometers. In this work we propose a very gen-
eral calibration method valid for all kinds of gradiometers and arrays. It is based on
a spatial Fourier technique and in the digital nature of the gradiometer sensor.

THE GRADIOMETER AS A DIGITAL DEVICE

The gradiometer samples in space the magnetic field generated by both signal
and noise sources at the discrete locations corresponding to the position of each coil.
The sampled field is weighted by the value of the respective coil area and the output
is the addition and subtraction of the weighted fields. Being a digital device, the
gradiometer has its spatial transfer function analogous o its time domain correspon- -
dent, the moving average filter. The transfer function H(k) can be expressed as in
the following equation: '

H(k) = 3 e, )

where, N is the gradiometer order, A; are the areas of the coils, k is the spatial
frequency and A, the sampling period or baseline.

TRANSFER FUNCTION AND CALIBRATION

An experimental procedure has been designed to measure the spatial transfer
function and this has been applied to different axial gradiometers (Bruno et al, 1988).
It consists in moving a calibration coil along the gradiometer axis, calculating the
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theoretical input and recording the measured output values for the successive coil
positions. The gradiometer input is defined as the theoretical flux that is induced
in the first gradiometer coil (pick-up cos! ) and the output is the mesured voltage
values. Prior to taking the Fourier transforms of both series, the output voltages
were converted into flux by using a conventional calibration procedure. The transfer
function is the result of the division of the output by the input transforms.

However, we have realized that this procedure could be used to determine the
calibration factor itself, since the output is a voltage readout v,,, and the input is
the theoretical flux ¢,, calculated in Weber. The calibration factor can be withdrawn
from the comparison between the experimental and thecretical transfer functions, by
superposing them in the middle frequency range.
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Fig. 1- Percentual error between theoretical and experimental transfer functions
against the spatial frequency. Curves a and b correspond to axial 2"¢ order gra-
diometers with 1.5 ¢m diameter coils and 4 em and 5 cm baselines respectively.

Curves a¢ and b in Fig. 1 show the percentual difference between theoretical
and experimental transfer functions for. two axial 2nd order SQUID gradiometers in
two different experiments.and for calibration factors of 2.31 - 107% and 2.32 - 1072
Tesla/Volt respectively. Gradiometer ¢ has a 5 cm baseline and 1.5 ¢rn diameter coils.
Gradiometer b has a 4 cm baseline and 1.5 ¢n diameter coils. The calibration coil
has a 32 ¢m diameter and was slipped axially over the dewar in steps of about 2 ¢cm
to an approximately equal distance of -10-baselines above and below the gradiometer.
About 50 points were measured in both experiments and a spline routine was used
before the Fourier process. The experimental transfer functions were evaluated in the
frequency range between 0 and 30 m~! (Knuutila et al, 1987), and the fitting by the
theoretical transfer function was made between 5 and 25m~!. As can be seen, the
errors for different frequencies oscilate around zero having an average error of 0.1%
and 0.4% respectively. Although the worst error of the two experiments reaches 3.7%

the parameter that we should be concearned about is the average error. Standard
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'deviations of respectively 1.6% arid 2.2% for curves a and b atest the reliability of the
method. |

Moreover, we have also realized that this procedure could be extremely useful
for calibrating planar gradiometers, since this method does not depend on the gra-
diometer geometry. In this case it will be possible to have them calibrated in field

units instead of the usual gradient units which do not seem to be adequate for clinical
use.

For this purpose, a wound-wire first order planar gradiometer was built with
a 2¢m baseline and 1em diameter coils. Fig. 2 displays the theoretical (dashed-
line) and experimental (continucus-line) transfer functions. This transfer function
was obtained by displacing the planar gradiometer along a line over a calibration
coil of 80 ¢cm diameter at a distance of 15 ¢m from its plane. It was taken about 100
measurements with a 1e¢m interval. The calibration coil was excited by a sinusoidal

current. The gradiometer was wound with copper wire and its output was detected
with a PAR 124-A lock-in amplifier.

---- theoretical ’
1.0 experimental
=)
o
=
Q
= o08tf
=
Z
[
)
% 05 /
g 4
&= / Planar
, Gradiometer
03}k §
/,/
0.0 ! : : L
0 10 20 30

Spatial Frequency (m™')

Fig. 2- Theoretical (dashed-line) and experimental (continuous-line) transfer func-
tions of a planar first order gradiometer with 2 cm baseline and 1 ¢mn diameter coils

Then, Foyrier transforms of the input and output sequences were computed and
the division of the output by the input transforms was performed. The calibration ———-
factor has been chosen by fitting, for the middle frequency range, the experimental
transfer function by the theoretical one obtained by using eq. (1) and the gradiometer
parameters. It was checked that for frequencies in the range of 5 to 25¢m™?! the error
oscilates around zero with a maximum amplitude of 2% . The average error was
0.5% and the standard deviation was 1%. Notice that for both planar and axial
gradiometers we can have as much as 70% of the points in the experimental transfer
functions coincident with the theoretical ones.



For planar gradiometer calibration or for array of axial gradiometers, where the
gradiometers lie off the calibration coil axis, the theoretical input should be calculated
by using the following expression :

dé

™ '/" a{a—ysind -z cosb)
o |22 +y?+2% +a* —2a(zcosh + ysind)|s

where ] is the calibration coil current and ¢ is the calibration coil radius.

It is worth noting that an advantage of this technique, besides its simplicity, is
that in the frequency domain it is possible to graphically visualize, in the low frequency
range, the unbalance effect, main source of errors when using large calibration coils.
Also, imprecisions in positioning the calibration coil, major source of errors when
using small calibration coils, appers only in the high frequency range. Due to this
fact the fitting should be done in the middle frequency range. Finally it should be
emphasized that when using a conventional method for calibrating gradiometer arrays

with a large number of detecting sensors, the amount of work is the same as in the
procedure above, since the calibration coil has to be displaced near each gradiometer.
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DESIGNING PLANAR GRADIOMETER ARRAYS :
PRELIMINARY CONSIDERATIONS

A.C. Bruno and P. Costa Ribeiro
Departamento de Fisica, Pontificia Universidade Catolica,
Caixa Postal 38071, Rio de Janeiro, 22453, RJ, Brasil.

INTRODUCTION

A few years ago, when small scale multichannel systems (4 up to 7 channels)
were built, a step forward was taken in biomagnetic measurements. The use of these
systems shortened the time of measurement, allowing a more extensive source map-
ping and decreasing the risk of subject fatigue during the experiment. It is commonly
said that the ultimate goal in this field is to build systems with a large number of
detecting sensors, for instance 50 to 100 planar gradiometers. The purpose of thi:
work is to begin a study on the design of these systems.

DESIGNING THE ARRAY

It will be discussed here some aspects of the array design: the array size and the
number of gradiometers. The gradiometer coils’ areas will be considered infinitely
small because the analysis will be only on the sensor positioning. As the planar
gradiometer is in linear shape, the study can be focused only on one array line, with
the gradiometer orientation axis parallel to the array line. Finally it will be assumed
that the source is under the center of the array.

The first thing to be done is to analyse the spatial properties of the most com-
mon model source used in Biomagnetism, the current dipole. Fig. 1 shows different
gradiometers outputs B, (z) of the magnetic field generated by a current dipole, at a
3 cm depth and immersed in a semi-infinite conducting media. The dipole is oriented
in the y direction. Curves a), b) and c¢) are the outputs for a magnetometer, first
order (2cm total length) and second order (2 cm total length) planar gradiometers
respectively. :

The array size, that in this case corresponds to the length (L) of the line of gra-
diometers, can be obtained considering the total signal energy by using the Parseval’s
Theorem (Antoniou A., 1979 and Bruno A.C. et al., 1986). The total energy of the
signal is proportional to:

Eoc/jn | B.(z) ! dz. (1)

To be able to maintain nearly the total energy when measuring the signal, the
limits L of integral (2) should be chosen in a way that 99% of the total energy is still
present,
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Fig. 1 - B, versus z.for a magnetometer a), first order b) and second order ¢) planar
gradiometers with 2 em total length, detecting a current dipole at a distance of 3em
below the gradiometer.

- L/2
99% / |B.(z) [ dz = / | B.(2) | dz. 2)

) L/2

For the signals depicted in Fig. 1 the line lengths L that correspond to 99% of
the total energy are 32¢m, 16 cm and 12 c¢m for the magnetometer, first and second
order gradiometers respectively. For signals due to a deeper source of 7 ¢m, the values
for L are 52¢m, 30cm and 20 cm respectively. When building such array, one should
consider the largest length. As one can see, the size of a planar gradiometer array
can be smaller than the size of a magnetometer array. It also can be noticed that as
the gradiometer order increases, the array size decreases.

On a first approach, a simple way to determine the array sampling period is
to estimate the highest frequency component of the signal, investigating the smallest
distance P between nearby peaks and valleys of the signal. This distance is related to
the highest frequency component. The distance between a peak and a valley represents
half of the period. Hence, the highest frequency is F = 1/2P. One may choose the
array sampling frequency, obeying the Nyquist theorem, as 2.5F or, equivalently, the
sampling period as 0.8P. Inspecting Fig.1 one can see that the smallest distances
between peaks and valleys are 4.5¢m, 3.7cm and 2.5 ¢cm for the magnetometer, first
order and second order gradiometers respectively. Thus, the array sampling period
should be 3.6 ¢, 3.0¢mn and 2.0 cm.

Another way to estimate the higher frequency component of the signal is to cal-
culate its spatial Fourier transform and this has already been done for magnetometers
(Romani et al., 1985). Fig. 2 shows spatial Fourier transforms of the output of a mag-
netometer, first and second order planar gradiometers due to a current dipole at a
3 c¢m depth.
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Fig. 2 - Fourier Transforms B8 (k) for a current dipole at 2 3¢m depth detected by
a magnetometer, first order and second order planar gradiometers.

By using the Parseval’s theorem applied to the frequency domain:

Exs [ 187 a, (3)

and calculating the following equation:

[ ) F
99% / |B(k)[? dk = / |B(k) P dk, @)
—w -F

the magnetometer, first and second order planar gradiometers have the following
values for the maximum frequency F (em~!) : 0.16, 0.24 and 0.32 respectively. Ap-
plying the Nyquist theorem as 2.5F, the sampling periods should be 2.5¢m, 1.7¢m
and 1.2 cm for arrays of magnetometers, first and second order planar gradioemeters
respectively. By comparing the values obtained in the first method, one should use
these values since they are smaller. In this case a deeper source do not need to be
considered since it will not generate higher frequency components.

Notice that since the gradiometer sensor has a 2c¢m length it will be dxﬁ‘icult
to build an array with first or second order planar gradiometers for detecting a 3¢m
depth source, since it will require a spacing less than 2 ¢cm between gradiometers. How-
ever, if one take into account the-inner-outer dewar distance of about 1em.and the
dewar-subject distance of about.0.5c¢m, the minimum distance between gradiometer
and source could increase to about 4.5 cm. In this case the distance between gradiome-
ters should be 2.5 ¢m for first order and 1.7 ¢m for second order planar gradiometers.
If the coil’s area is taken into account, first order gradioemters could overlap again.
However, taking into account the coil area leads to a spatial dependence varing more
slowly in space and this will represent a smaller F and a larger distance between
gradiometers. For first order planar gradiometers the array line should be 30 ¢rn long



having 12 gradiometers with their centers separated by a 2.5 cm distance. It is worth
noting that a deep source imposes a2 minimum limit to the array size and a shallow
source imposes a maximum limit to the distance between gradiometers.

The correctness of this design is made, by using an algorithm to recover the
gradiometer original input signal from the array output measurements (Bruno A.C.
et al.,, 1989). In this test the dipole is at a 4.5¢m depth and it is detected by an
array line of first order gradiometers as designed above. The result of the recovery
algorithm at the gradiometer positions (circles) compared to the theoretical field
values (continuous-line) can be seen in Fig. 3.
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Fig. 3 - Input signal recovered (circles) from the array line output measurements
compared to the theoretical (continuous-line) dipole field. The array line has a
30c¢m length and 12 first order gradiometers with a 2c¢m baseline separeted by
25em.
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Spatial Fourier calibration method for multichannel SQUID magnetometers

A.C. Bruno and P. Costa Ribeiro

Departamento de Fisica, Pontificia Universidade Catolica do Rio de Janeiro

Rua Marques de Sao Vicente 225, Rio de Janeiro, 22453, RJ, Brasil

Abstract

When using multichannel SQUID magnetometers for biomagnetic applications,
the correct measurement of the Tesla/Volt calibration factor of each channel is of
.ex;:reme importance, in order to avoid gross errors when analysing the results. In this
work we propose a general calibration method valid for all kinds of gradiometer arrays.
When tested, this method provided calibration factors with accuracies ranging from

0.3 to 0.8 percent. It is based on a spatial Fourier technique and on the fact that the

gradiometer acts as a discrete spatial filter.



I. Introduction

The measurement of biomagnetic flelds can provide important information on
the location of electrical activity in the human heart and brain. Biomagnetic mea-
surements can be useful, for instance, in locating epileptic foci in the brain! and
abnormal pathwzys in cardiac arrhythmias®. The measurement is made by displacing
a SQUID magnetometer over the chest or scalp and recording the measured field for
different positions. In the past few years multichannel magnetometers were intro-
duced, consisting of up to 30 channels®~® . The use of multichannel systems allowing

simultaneous measurements at different positions decreases the time of the measur-

ing session, increasing its reliability, and also makes possible the observation of non
periodic phenomena. However, when using these systems, the Tesla/Volt calibration
factor of each channel must be measured with extreme accuracy in order to avoid

errors in the localization result®.

A fundamental part of a biomagnetic magnetometer system is the sensing coil
that picks up the measuring field and couples it to the SQUID by means of a su-
perconducting flux transformer. In order to reduce the magnetic noise due to the
environment, the sensing coil is designed in a gradiometric configuration”. The so
called axial gradiometer consists of a set of coils, wound in a proper polarity with
a specific number of turns and having typically a 4-7 cm distance between adjacent
coils® (baseline). This way, the spatially uniform signals of distant sources will oe
drastically attenuated and the near biomagnetic signal will not, because of its prox-
imity to one of the gradiometer coils.

The SQUID provides an output voltage that varies linearly -with t}}e magnetic
field in the gradiometer over several .decades of frequency. There are several ways
to obtain the Tesla/Volt calibration factor for one channel magnetometers. The two

most reliable follow. The first is: slipping a calibration coil (about 6 cm diameter)
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around the tail of the cryogenic dewar containing the SQUID system, and moving it
until a maximum output voltage from the SQUID is obtained. From the geometry
of the calibration coil and gradiometer, the mutual inductance can be calculated®.
The product of the mutual inductance by the current in the calibration coil is the
magnetic dux applied to the gradiometer. Dividing this fAux by the gradiometer firs.
coil area, the field that corresponds to the SQUID output voltage is obtained. The

second is: using a small calibration coil (about 5 mm diameter) axialy placed at about

20 cm distance from the first gradiometer coil, in a way that we can approximate it

by a magnetic dipole. Computing the flux in the gradiometer coils and dividing it
by the gradiometer first coil area, the field that corresponds to the output voltage is
obtained. Both methods, in practice, can give an accuracy of about 10 percent, and
that is enough for one channel systems since they prbduce the same error in all the

measuring positions, thereby not affecting the localization result. However, when us-

ing a multichannel system different calibration errors in different channels correspond

to different errors in different positions, therefore spoiling the measurement®.

Two calibration schemes for multichannel systems have been proposed recently.
Both seem to produce good results, but with some drawbacks. The first® relies on
a large coil assembly and can only be applied to second orde;r gradiometers with a
specific level of performance. The second!® uses an array of small coils, requiring a

great deal of hardware and software for processing.

In this papér we describe a calibration procedure based on a spatial Fourier
technique that can be used to calibrate multichannel SQUID systems, due to the
precision attained. The procedure is tested empirically by calibrating various one
channel systems. The calibration of multichanne! systems is also discussed in order

to provide parameters to be used experimentally.
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II. Transfer function and calibration

In order to understand how the calibration procedure works the gradiometer must
be regarded as a spatial filter'!~1? . A gradiometer samples in space the magnetic
field produced by both signal and noise sources at the discrete coil positions. The
sampled field is weighed by the respective number of turns of each coil, and the output
is additions and subtractions of the weighed field. The gradiometer has its spatial

transfer function analogous to its time domain correspondent, the moving average

filter*®. The transfer function H (k) can be expressed as in the following equation:

N+1

H(k) = Z noe” Ik (1)

where N is the gradiometer order, n; is the number of turns of coil 1, & is the spatial
frequency and A, is the gradiometer baseline. It is assumed that the gradiometer has

an unity area and the field is distributed uniformely all over it.
An experimental procedure has been designed to measure the spatial transfer

function and this has been applied to axial gradiometers'*. It consists in dividing the
Fourier transform of an output signal by the Fourier transform of the corresponding
input signal. The signals can be obtained by moving a calibration coil along the
gradiometer axis, calculating the theoretical input for each position and recording
the measured output values. The gradiometer input signal is defined as the field

applied to the first gradiometer coil and its Fouier transform is given by:

2

' _ Ko Fe a —-Jkz
B(k)—_é—l‘/“ me dz ' (2)

where I is the calibration coil current, a is the calibration coil radius and z, and z,

are respectively the distance limits below and above the gradiometer first coil.

The corresponding output signal is the measured SQUID voltage for each cali-
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bration coil position and its Fourier transform is given by**:

M
Vi) =X ) vne (3)
m=0

where v,,, is the SQUID output voltage corresponding to the discrete mA position and
) is the distance between each calibration coil-position.

Since the spatial transfer function has no dimension, the output voltages are
converted into field by multiplying them by the Tesla/Volt calibration factor. The
experimental transfer function H.., (k) is then found by dividing Eq. (3) by Eq. (2):

H,,, (k) = CB¥£§) (4)

where C is the Tesla/Volt calibration factor.

Figure 1 shows the theoretical (squares) and experimental (continuous line) trans-
fer functions of a balanced® second order gradiometer consisting of 4,-8, 4 turns with
a 1.5 cm diameter having a 4 cm baseline. The transfer functions were evaluated in
a bandwidth* of 0 and 30 m~!. The calibration factor was obtained by using the
procedure based on the mutual inductance explained in the introduction and is 24
pT/mV. Figure 2 shows the theoretical (squares) and experimental (continuous line)
transfer functions of a highly unbalanced® second order gradiometer consisting of 1,-2,
1 turns with a 1.5 ¢m diameter having a 5 cm baseline. Using the same procedure,
the calibration factor found was 64 pT/mV. The SQUID used is RF biased and it is
a commercial one’®. .

We have realized however, that this procedure of finding the transfer function
could also be used to determine the calibration factor itself, omit'ting the voltage-to-
field convertion and obtaining an experimental transfer function with a Volt/Tesla
dimension. Fitting the amplitude of the experimental transfer function by the am-

plitude of the theoretical one, within a certain bandwidth, the calibration factor C

5



in Tesla/Volt can be found. The fitting procedure consists simply in finding C that

minimizes the average error between the experimental and theoretical transfer func-

tions:

_ kbw

—fkb\" H::g(k) dk
0

|H (k)

C

(5)

where Ky, 1s the fitting bandwidth.

The lack of precision found in the conventional calibration methods, resides basi-
caly in the fact that the exact position of the gradiometer inside the cryogenic dewar
is not known but for an error of a few milimeters®. An intrinsic advantage of this
Fourier method concerns this point precisely. A fundamental property of the Fourier
formalism transfofms any constant spatial shift in the space domain, into a phase
shift in the frequency domain. As the fit is made by using the amplitude values only,

the inaccuracy in determining the exact gradiometer position does not influence on

the calibration precision.

I11. Data a;:quisition

Since the data has to be measured in discrete points corresponding to different
calibration coil positions, one has to be concerned about the sampling period A and
the number of points N to be recorded. It is shown in Fig. 3 the sharpest output
among all gradiometers tested. A simple way to determine the sampling period is
to estimate the highest frequency component of the signal, investigating the smallest
distance P between nearby peak and valley. This diétance may be due to the highest
frequency component. The distance between the peak and valley represents half of
the period. Hence, the highest frequency is F =1 /2P. One may choose the sampling
frequency, 'obeying the Nyquist theorem, as 2.5F or, equivalently, the sampling period

A as 0.8P. One can see that the smallest distance between the peak and valley in this
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case is 14 cm. The sampling period A chosen is 10 cm and it should be considered as

a tentative one. The number of points is then chosen in a way that the amplitudes of

positions far from the gradiometer correspond to less than 1 percent of the maximum

amplitude.

In order to check if the sampling period chosen above is the correct one, we must
compute the Fourier spectrum according to Eq. (3). We then decrease A, increasing
the number of recording positions and repeat the calculation. If the spectrum does
not change the first estimate is correct. Otherwise the sampling period must be
decreased until the new Fourier spectrum is equal to the preceeding one. It is shown
in Fig. 4 the Fourier transforms of the SQUID output voltages for the gradiometer
which transfer function is shown in Fig. 1. The big-dashed line corresponds to a A
= 10 cm and 11 measurements. The small-dashed line corresponds to A = 5 cm and
23 measurements, which is equal to the continous line spectrum that was obtained
when A = 2.5 cm and 47 measurements were used. This shows that, A = 5 ¢cm and
21 recording positions are enough to represent accurately this output. As this is the
gradiometer with the sﬁallest baseline and hence providing the sharpest output, the
same settings can be used for all others.

Another important issue that must be discussed, is the the precision of the cal-
ibration coil positioning system and its relationship with thg number of measuring
positions. Although the method is insensitive to any constant shift in the gradiometer
position, care should be taken in the system that will hold and position the calibration
coil, since it will affect the sampling period aticuracy. Figure 5 shows the calibration

results versus the fitting bandwidth percent of various simulated measurements with

 different accuracies in A, where 100 percent corresponds to a fitting between O and

30 m~*', 80 percent corresponds to a fitting between 3 and 27 m~*, 60 percent cor-

responds to a fitting between 6 and 24 m~! and so on. Since it is a simulation, the
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calibration factor should be 1 for a positioning system with no errors. The curve with
squares is the result of a simulated measurement with 25 measuring positions and )
=5 cm £ 1 cm. It provides an average calibration error of about 2.5 percent. If by
any reason, the experimental setup is constrained to such a low precision, the overall
error performance could be improved by decreasing the sampling period to 2.5 cm

and increasing the number of measuring positions to 50. The calibtarion error drops

to less than 1 percent (curve with triangles). The curve with circles is the calibration
obtained by using 25 measuring positions but having A = 5 ¢cm + 1 mm. The average
calibration error in this case is about 0.5 pertgent. Finally the curve with diamonds
represents the calibration obtained by using the same number of positions used pre-
viously but having A = 5 cm = 0.5 mm. The calibration error drops to about 0.25

percent. Our positioning system was built so as to have an accuracy better than 1

mm.

IV. Experimental results

As it can be noticed in Fig. 2, the unbalance alters the low frequency portion
of the transfer function spectrum'*. Thus, one should be aware of this fact in order
to choose properly the fitting bandwidth. We have used a calibration coil diameter
(29 cm) just large enough to slip over the cryogenic dewar. As it was said in the end
of the first paragraph in the last section, the spatial signal must be finite in vorder to
avoid the aliasing effect. This is accomplished by sampling the output signal until the
amplitude is less than, say 1 percent of the maximum output signal. For instance, in
Fig. 3 v, = 1.4 mV corresponds to a distance of 48 cm below the ﬁrét gradiometer
coil, v;3 = 1.4 mv corresponds to 62 cm above it and the maximum aplitude value v,,
= 216 mV corresponds to a distance 7 cm above the first gradiometer coil. It should

be stressed that this must also be applied to the input signal. Since the input signal

8

LI R L] 1T i TN TEER] LRAERE SRS S R LeRt] m’u Wi gl D] R 1 LR ] "“"'l““"r”""“”""“““'ﬂ i It [ ST b I MM «M"MMﬂ"N [T )



is the theoretical field applied to the first gradiometer coil, its amplitude decays less
rapidly then the output signal. If we compute the input Fourier integral by using the
same limits used to compute the output Fourier integral, in this case -48 and 62 cm,
the result is shown in Fig. 6 curve (b) . It shows the calibration of the second order
gradiometer which transfer fuction is shown in Fig. 1. Fitting in 65 percent of the
bandwidth, i.e. between 5.5 and 24.5 m™!, gives a calibration factor of 26.80 pT/mV.
If the fitting is made between 12 and 18 m™' (20 percent bandwidth) the calibration
factor is 27.47 pT/mV, which is about 2.5 percent different. This problem can be
solved simply extending the limits of the input Fourier integral. Curve (a) in Fig.
6 shows the calibration obtained by extending the theoretical input Fourier integral
limits from -500 to 500 ¢cm. The calibration factor can be chosen as 27.10 pT/mV
with a 0.3 percent spread in their values, even if the fitting bandwidth varies from 75
percent to 20 percent.

If the gradiometer is highly unbalanced, the method can still be applied with no
loss of precision as it is shown in Fig. 7. These are the calibration results for various
fitting bandwidths for the gradiometer which transfer function is shown in Fig. 2.
As the fitting percent is increased, the calibration result diverges. This is because
of the high degree of unbalance of this‘ gradiometer. However fitting in less than 50
percent of the entire bandwidth the calibration factor conver.ges to 64.75 pT/mV with
a 0.3 percent error, because the fitting is made in a portion of the transfer function
spectrum far from the disturbances caused by the unbalancing.

Figure 8 shows the calibration results of a second order gradiometer that consists
of 1,-2, 1 turns with a 3.0 cm diameter having a 5 cm baseline. F-itting in 30 percent
of the bandwidth gives a calibration factor of 23.09 pT/mV, fitting in 55 pércent of
the bandwidth gives 22.99 pT/mV and in 80 percent of the bandwidth gives 23.04

mV/pT. The largest difference is 0.4 percent. Figure 9 shows the calibration results

9



of a third order gradiometer consisting of 2,-3, 2, -1 turns with a 3.0 cm diameter
having a 3.1, 11.5 and 5.6 cm baselines!”. These measurements were made with an
old positioning system that has a displacement accuracy of about 1 cm. Although
balanced, the higher frequency errors caused by the displacement inacuracy force the
calibration to diverge for fittings in a bandwidth higher than 50 percent of the total
bandwidth. A sampling period of 2.5 cm was used and 50 measurements were made.
However for fittings made in the central part of the spectrum, i.e. between 8 and 22

m~* the calibration factor converges to 14.26 mV/pT with a 0.8 percent error.

V. Multichannel calibration

A multichannel system consists in placing together several SQUID magnetome-
ters in order to measure the magnetic field simultaneously at various locations. Usu-
ally there is a rotational symmetry in such systems*~%. The calibration procedure
remains the same, i.e. displaces axially the calibration coil and measures the SQUID
volta.gés for several positions. The difference is only in the input field calculation,

since now the gradiometers are placed off the calibration coil axis. The expression

used to compute an off axis field of a circular coil is:

a(a—ysinf — z cosd)
z? +y? + 2% + a? — 2a(zcosd + y sinf)]3

£ o (6)

B, (z,y,2) = ”_01/2"
o |
where [ is the calibration coil current, a is the calibration coil radius and z and y are
the coordinates of the gradiometer center.
Another impbrtant issue concerns the calibration coil diameter. Usually the
cryogenic dewar that contains a multichannel system is larger than the one used
for one channel systems. Since one has to slip the calibration coil over the system,

the coil diameter must also be larger. If the calibration coil is too large, its field

will decay less rapidly against the distance. So, one has to check if the output at
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a reasonable distance from the gradiometer is small enough, if compared with the

maximum output. This is necessary to avoid the aliasing effect. The factor between
maximum and minimum values we used in the above mentioned experiments was
about 150. Imagine a four channel system with second order gradiometers with 4,

-8, 4 turns having a 4 cm baseline, positioned at the corners of a 2 cm square. The
dewar usually used to hold this system has typically an external diameter of 33 c¢m.
Assuming that we will use a calibration coil with a 35 cm diameter, if we measure

from -60 to 53 cm below and above the gradiometer first coil, we will have a rate of
about 150 between maximum and minimum outputs. In order to avoid the aliasing
effect, it is shown in Fig. 10 up to which distance below the gradiometer first coil
one has to measure, against the calibration coil size, for different off axis gradiometer
positions d = \/:z:—z'-f-—y2 .

In the case of multichannel systems used for brain research, usually the gra-
diometers are tilted in order to describe approximatelly the head shape. Thus, prior
to compute the Fourier transform, the input field given by Eq. (6) should be multi-

plied by the cosine of the tilting angle of each gradiometer.

VI. Conclusion

A Fourier method th> calibrate multichannel SQUID systems was presented. One
of the main properties of this method is that the gradiometer position inside the
cryogenic dewar does not need to be known precisely. From the experimental mea-
surements we can conclude that even being highly unbalanced or if the experiment is
performed with a non accurate calibration coil positioning system, a good value for
the fitting bandwidth is 50 percent. This corresponds to fit the experimental transfer
function by the theoretical one between 8 and 22 m~!. The assumption that the

field is distributed uniformely over the gradiometer’s area, did not seem to affect the

11



precision of the results, since the calibration errors obtained in the simulations are in
the same range of the experimental ones. The best result attained in the experiments
has a 0.3 percent accuracy, the worst, 0.8 percent. These figures entitle this method

to be used to calibrate multichannel SQUID systems.
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Figure captions

Fig. 1 - Theoretical (squares) and experimental (continuous line) transfer func-
tion amplitudes of a balanced second order gradiometer consisting of 4,-8, 4 turns

with a 1.5 cm diameter having a 4 cm baseline. The calibration factor was obtained

by using the procedure based on the mutual inductance it is 24 pT /mV.

Fig. 2 - Theoretical (squares) and experimental (continuous line) transfer func-
tion amplitudes of a unbalanced second order gradioineter consisting of 1,-2, 1-turns
with a 1.5 cm diameter having a 5 cm baseline. The calibration factor was obtained

by using the procedure based on the mutual inductance and it is 64 pT/mV.

Fig. 3 - Output voltages of the SQUID electronics of a second order gradiometer
for various positions of the calibration coil. The current in the calibration coil is 8

mA.

Fig. 4 - Fourier transforms of the SQUID output for various sampling periods A

of the calibration coil. The gradiometer used is the same of Fig. 1.

Fig. 5 - Calibration simulation for different accuracies of the calibration coil

. sampling period A. Curve with squares corresponds to 25 measuring positions and A

= 5cm + 1 cm. Curve with circles corresponds to 50 measuring positions and A =

2.5 cm = 1 cm. Curve with triangles corresponds to 25 measuring positidns and A

= 5 cm + 1 mm. Curve with diamonds corresponds to 25 measuring positions and
A =5 cm £ 0.5 mm. The continuous line corresponds to a sampling period with no .

eITorsS.
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Fig. 6 - Calibration curves of a balanced second order gradiometer consisting of

4, -8, 4 turns, with 1.5 cm diameter having a 4 cm baseline. The dashed line was
obtained by using the input Fourier transform limits between -48 to 62 c¢m, taking
the position of the first coil as the origin. The continuous line was obtained by using

the input Fourier transform limits between -250 to 500 cm.

Fig. 7 - Calibration curve of a unbalanced second order gradiometer consisting
of 1,-2, 1 turns with a 1.5 cm diameter having a 5 cm baseline. The dashed lines

corresponds to upper and lower limits respectively 64.65 mV/pT and 64.85 mV/ pT.

Fig. 8 - Calibration curve of a balanced second order gradiometer consisting of

1, -2, 1 turns, with 3.0 cm diameter having a 5 cm baseline.

Fig. 9- Calibration curve of a balanced third order gradiometer consisting of 2,-3,
2,-1 turns with a 3.0 cm diameter having baselines 3.1, 11.5, 5.4 cm. The dashed lines

corresponds to upper and lower limits respectively 14.32 mV/pT and 14.20 mV/pT.

Fig. 10- Distance limits from the gradiometer first coil against the calibration coil

diameter, that must be observed in order to avoid the aliasing effect when computing
the Fourier transform of the output of a second order gradiometer having a 4 cm

baseline. d = \/z? + y? corresponds to different off axis positions.
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