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Abstract — With a large number of RF detectors, a
sequential MRI data acquisition could become a parallée
process, thus reducing scan time significantly. PSA provides a
means for such massive parallel detection. The theoretical
analyses of the reactive field, coupling, and Q-factors of PSA
are presented, and they were validated by the experimental
measurements of thein vivo MRI with PSA.

|. INTRODUCTION

The “MRI phased array” [1] has been widely used in
clinical scanners for increasing signal-to-noise (SNR) and
field of view (FOV). Unlike far-field phased array
antennas, the MRI phased array works in the reactive field
region and requires isolation between the element
detectors. Due to the element loop structure and the
difficulty in isolating the coils, the number of coils in a
conventional MRI phased array is very limited, usually
between four to eight.

Recently the parallel spatial encoding techniquesin MRI
[2] has been shown to be a practica method for
significantly reducing the minimum scan time by replacing
phase-encoding steps with the encoding inherent in the
sengitivity profiles of a set of phased array coils. To
completely replace the phase encoding steps while
sustaining the image resolution, the number of the element
coils of the order of 10% is required The conventional MRI
phased array cannot meet this challenge.

Here we introduce a new type of array detector, the
planar strip array (PSA)[3]. Its structure is an array of
parallel commensurate length microstrips with a layer of
overlay on top. Both the substrate and overlay have the
same high relative permittivity (€;) which reduces the EM

field wavelength by a factor of ,fe, to make a quarter

wavelength (A/4) resonator at the MRI frequency
(63.9MHz at 1.5T) with a reasonable length for a MRI
detector.

The PSA has two advantages compared to the
conventional MRI phased array. First, the length of the
gtrips in the PSA can be adjusted such that the coupling
between the strips vanishes: the strips are isolated
regardless of spacing. Thus it can accommodate a large
number of detectors for simultaneous acquiring MRI
signals without interference between element detectors.

Second, with appropriate termination, a standing wave
occurs on the isolated strips providing a high SNR

I1. A RIGID ANALY SIS OF PSA

The structure of the PSA is shown in Fig. 1. Because our
GE MRI scanner is limited to only 4 receiver channels, 4
copper strips are laid in parallel between 2 sheets of glass.
The dielectric constant of glassis €, = 6.4. The A/4 of the
proton MR frequency at 1.5T (63.87MHZz) in air is 117cm,
but in glassit is only 46cm. The strips are surrounded by a
grounded guard ring. The strip length | can be either A/4 or
A2. The strip width w, spacing s, and thickness of the
dielectric h, determine the characteristic impedance of the
strip Z,. At both ends of the strip, BNC panel connectors
are installed to provide feedi ng points and terminations.
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When the strip length is an integer times A/4 and its
termination is either open or a short, the PSA is called a
standing wave PSA (SW-PSA). When the strip length is an
integer times A/2 and its termination is a matched load, the
PSA iscaled atravelling wave PSA (TW-PSA).

A. Thereactive near-field of the strip

Since the region that PSA detects is less than one
wavelength, the EM field in this region is mainly reactive
near-field. The magnetic field sensitivity of one PSA strip
can be derived from the Biot-Savart Law, image method,
and the reciprocity principle with a given current
distribution f(&) on strips. Assume that the feeding point is
at £€=0 and the termination is at =l in the Fig. 2. For TW-
PSA, f(§)=1, for SW-PSA with short termination,
f(§)=2sinB&; and for SW-PSA with open termination,
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f(&)=2cos3¢. Here B=217A. The magnetic field sensitivity
is B(x,2=

|
Wo z z+h FE)E . (1)
41 ()J(((E_X)z + 22)3/2 ((E—X)Z +(z+ h)g)w

Here |, isthe travelling wave current on the strip.
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B. The isolation between the strips

The coupling between any two strips can be analyzed
with even-odd mode theory. At the feeding point, I and
I, are the even and odd mode input reflection of strip, and
I is the source reflection.  Thus the coupling coefficient
is

k 1 Temlo ] 2
21-Tg(Me+Ty)/2

The coupling between two SW-PSA dtrips can be
derived from Eq. (2) and ABCD matrix of the transmission
line. Assume that the attenuation istrivial, a =0. When
the strip is terminated with a short, the coupling, k, is:

‘o i(Zoe = Zoo) Sin 2B

2(cos? Bl - ZooZoe Sn? Bl) + |(Zoo + Zog) SN 2BI +g
where g =2 (ZgoZge Sin2 Pl +cos? Bl) . ©)
Here Zo, and Z,, are the normalized even and odd mode

input impedance of the strips. When |=A/4, 8= 72, and
sin2f=0 (provided that ' #1) k=0, and there is no
coupling between any two strips in the SW-PSA. But if
g =1, the sin2fl term cancels, the coupling becomes
maximum.

When any two SW-PSA strips are terminated with open
circuit, the k becomes:

j(_l —_i)sinZBl
k = ZOo ZOe
.2 !
2(c032BI—§ni_BI)+j(_1 +_i)sin2[3l—g
004 0e 0o Oe
;02
where g =2rg sn _BI +cos?pl |. (4
OOZOE

Equation (4) again indicates that when |=A/4, and
sin2[A=0, there is no coupling between strips provided
that [ # -1. Otherwise the coupling is maximum.

For the TW-PSA, the strip terminations are the matched
loads, the coupling coefficient between two stripsis
— j(ZOe __ZOO)S_in Bl ] (5)
2cosPl + j(Zgo + Zge)sinpl
At I=A/2, B=m and sin@=0, and no coupling occurs
between the strips.

Equations (3-5) indicate that there are two ways to
isolate the strips. One is to select the proper strip length to
make sin2p3l (SW-PSA) or sinfl (TW-PSA) equal to zero,
and narrow-band decoupling is achieved. The simulations

of the narrow-band decoupling are shownin Fig. 3.
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Another way for isolation is to make Zg, = Z, , Since Zoe

and Zg, only depend on the transverse dimensions (s, w,
and h) [3,4], and broadband decoupling is achieved. The
condition of broadband decoupling is

TSy TTSy2
1+tanh(2 h) (1+coth(2 h)) /2. (6)
The graphic solution of the Eq. (6) isin Fig. 4.
35
5 Fig. 4 Thesolidline
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\ . . .
o T~ istheright side of
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When the ratio §h>2.5, there is a broadband isolation
between the strips.

C. The Q-factor of the strip [5]

The unloaded Q: If the attenuation constant o is very
smal and (al)’<<1, the unloaded Q-factor of the
transmission line resonator is

Q =B/2a. ()
Here a can be estimated from the conductor loss and
dielectric loss.

The external Q: When the strips are connected with the
externa circuit, Qg is the ratio of the energy stored in the
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strip to the energy dissipated in the resistive outside of the
strips.  The resistive load, Rg, can include the equivalent
resistance of the imaging object load, the resistance of the
preamplifier, and the cable loss, etc. In general, direct-
coupling results in a low Qg. For example, a A/4 strip
terminated with either a short or an open circuit has a Qg
that is either

Qe=ot, 0 Q=2 ©)

Thus, the Qg of the directly-coupled strip depends only on
the Z, and Rg, and its values are close to unity when Z,
and Rg are comparable.

To control and increase Qg, the reactive-coupling
between the strip and preamplifier can be used. Here two
special cases, an open and a short A/4 strip, are analyzed to
demonstrate the enhancement of Qg using reactive
coupling. In the first case when the strip is terminated
with a short, a series capacitor C is needed for coupling
the signal out of the strip. Its input reactance is
X =-YwC+ZytanBl, B=w/v, and v is the phase
velocity. The external Q-factor is:

z 1
Qe =2

2
2R o czs +Bl(L+tan” Bl)) . (9

At the resonance frequency «, the reactance X=0, and
therefore

1 1 N
—— =t | =X, 10
o C 7 anpl =X, (10)

where X, isthe magnitude of the normalized reactance of
the capacitor. Substituting Eqg. (10) into Eq. (9) then
yields:

7z _ _
Qe =ﬁ(xc +BIL+X2)). (11)

In the case when the strip is open circuit, a shunt
inductor L is needed for coupling the signal out of the
strip. Its input susceptance is B =-1/wL + Yy tanpl . The
external Qg is

_ Yo 1
Qe = 2Ge "0, LY,
where Ge=1/Rg and Y =1/Z,. At the resonant frequency,
, the susceptance B=0. Therefore
1 1 =
— =t | =B, 13
o L Yo anBl =B, (13)
where B, isthe magnitude of the normalized susceptance

of theinductor. Substituting Eq. (13) into (12) yields
Qe = Z—ZO(EL +Bl(A+BY) (14)

The Loaded Q: Q, is the ratio of the energy stored in
the strip to the total energy losses in the strips, external

+Bl(1+tan? Bl)), (12)

circuits, the subject being imaged, and the cables. Q. can
be calculated by 1/Q, =1/Qu+1/QE.
In the case of the reactively coupled A/4 strip terminated

with ashort circuit, based on Egs. (7,11), the Q, is:

o = Zo(Xe +BI(L+ X&)

" Zo(Xe + B+ X2)(20/B)+ 2Re
If the A/4 strip is terminated with an open circuit, then its
Q., from Egs. (7,14), is.
B, +PI(1+B2
QL = _RE( L Ez( L)) (16)
Re(BL + Bl (L+ BY))(20/B) + 22,

The behaviors of Q, calculated from Eq. (15) and (16) are
plotted in Fig. 5.
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1. EXPERIMENTS

A A4 SW-PSA prototype was built. Its dielectric
medium is glass (er=6.4). Its length is I=46cm. The strip
width w = 0.635cm, spacing s = 3.175cm and dielectric
thickness, h = 1.27cm. All of the antenna strips are
paralld to the direction of the static magnetic field of the
magnet bore. At the feeding point each strip is connected
to a RF-screened box containing a PIN diode T/R switch
and a DC blocking and coupling capacitor.

The performance of the PSA was measured with S
parameters on a Hewlett-Packard network analyzer (HP
8722D and HP 4195A; Hewlett Packard, Palo Alto, CA)
and GE signa and LX 1.5 T MRI scanners (GE Medical
Systems, Milwaukee, WI). The S21 measurements
confirmed the decoupling predicted by Equations (3) and
(4). MRI was performed to show that the PSA is a viable
near-field array detector for in vivo MRI.

A. Isolation measurements

Equations (3) and (4) indicate that the SW-PSA have
both narrow-band and broadband decoupling. The narrow-
band decoupling occurs when the strips lengths are nearly
an integer number of A/4, and the broadband decoupling
occurs when the ratio of h>2.5. Both types of isolation
can be measured by the S21 parameter on the network
analyzer. The S-parameter measurement reveals that our
prototype SW-PSA with short termination has
approximately —30dB narrow-band and —30dB broadband

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



isolation when it is loaded. As shown in Fig. 6, the total

isolation at the resonance frequency is about —60dB.
_-30

Fig. 6 The S21 measured
-40 at feeding points of two
adjacent strips. It shows
both narrow-band and

60 broadband decouplings.
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B. Sequential and parallel encoded MRI

The PSA can be used in MRI with conventional phase-
encoding steps. It has the potential of providing a large
number of strips to boost SNR and FOV. Aninvivo MRI
of the human knee was acquired with gradient echo pulse
seguences using the 4-element PSA and is shownin Fig. 7.

Fig. 7 A gradient echo
human leg image acquired
with PSA and sequential
spatial encoding (NEX=2,
TR=500ms, TE=11ms).

PSA can also be used in parallel spatial encoded MRI.
Using the PSA as a RF detector array and ASP [3] as a
reconstruction method, a sengtivity-encoded MRI
experiment was performed on a phantom with a
decimation factor of two (scan time reduce half). The
results showing the individual decimated images from the
four channels of the PSA, and an image reconstructed with
ASP, areshownin Fig. 8a, b, ¢, d, and e.

a D c . oc s (i
Fig. 8 A phantom image acquired with PSA and
partial parallel spatial encoding. (a), (b), (c), and (d)
are the decimated images from four channel PSA. (€)
is the image reconstructed from (a), (b), (c), and (d)
by ASP method.

1V. DISCUSSION

A. SNRof the PSA

For a given receive bandwidth and temperature [6], the
SNR is proportional to

NR~B/|Re . (17)
Here B can be calculated from Eq. (1), and the noise
resistance Rg can be estimated from Eq. (15) or (16) based
on the loaded Q, measurement.

B. Design of a A/4 shorted SW-PSA

If | is exactly A/4, C=0 is required to tune the strip, see
Eg. (10). Equation (15) indicates that if C=0, increasing
load (Rg) does not affect the loaded Q, at all, so the PSA
can barely detect an MR signal. Also C=0 makes =1,
According to Eq. (3), this leads to the maximum narrow-
band coupling, because the sin2fl terms in Eq (3) are
cancelled. To avoid these situations, the strip length |
should be slightly less than A/4. To keep the strip resonant,
a series capacitor C, determined by Eq. (10), is needed.

The transverse dimensions (h, s, and w) also have direct

impacts on both SNR and decoupling, since the z§ and

Z§ depend on h, s, and w. The difference z§-z9

determines the broadband decoupling factor in Eq. (3).
The larger the gh ratio, the less broadband coupling.
Although increasing h causes more broadband coupling,
the larger h can improve the sensitivity B, as indicated in

Eqg. (D).

V. CONCLUSION

The massive paralel RF detection in MRI demands a
new type of array detector. It requires that each element
detector should be simple and any pair of elements should
beisolated. The PSA is designed for such a purpose, and it
isshown that it isavalid approach.
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