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Thesis work scope

Accuracy of probing signals is so important in some applications !

» Specifically in MRI systems, the deviation from the expected values in RF
signal ( amplitude or phase ) can be dangerous for the patient since high

amount of power might be induced into the body.

* Also obtaining correct amplitude and phase of the RF signal is a very

important factor for the image quality.
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Different Part of MRI System

* Magnet:

Producing a constant magnetic field (B)

e Gradient Coil

Producing a ramp signal for By magnetic field

* RF Coil

Generates B, field by time varying RF signal

Magnet
Radio frequency coil

Gradient coils
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Cartesian Feedback Circuit for Current Coil Controlling

LO(dd) 12" * Different bodies have
* | — - p various impedances
Vin _®> . 5
AT &la GO i
Demodulator Modulator - | |
2 | = When patient body is
) | | © placed in MRI scanner
| | impedance variation
LT - happens
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Probing Voltage at Output of Amplifier

e Accuracy of probed voltage is important since

* The probed voltage will be compared with the
input RF signal for correcting the output RF

signal which goes to the RF coil

* The voltage at the output of the power amplifier

: a A
represents the current in RF coil ( 2 distance)
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Probed Voltage level

The signal power at the output of the power amplifier is about 1 kW .
The voltage on the 50 Q transmission line is 223.60 volt .

From voltage divider formula :

50 Q)
22 kQ +50 Q

Probed voltage = * Viine= 506 mV

Some phenomenon cause inaccuracy in probing voltage.
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Outline

‘ * Inaccuracy in Probing Voltage
- Parasitic Elements

- Electromagnetic coupling and induced voltage
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Frequency dependency

Parasitic elements in SMD components

"2 Y Y AVAVAY,
L
= it Ri . +1  Term4
+%  Term3 L=Parasitic R=Resistor 2250 Ohm
Z=50 Ohm §
Equivalent circuit for resistor Y
- C L
— C=Parasitic —
A% 000 ) |
R L C )
N o N o + 1 Term3 R=Parasitic L=Parasitic C:Capacitor - ;ezrgno40hm
* Equivalent circuit for capacitor Z=50 Ohm §
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Parasitic elements cause frequency dependency

The internal parasitic capacitance of the attenuator ( 22kQ resistor ) causes frequency

dependency in the probed signal .

The parasitic capacitance of a 22kQ SMD 1206 is measured as 58 fF .

The reactance of this capacitance in Larmor frequency (298 MHz) is:

1 1
" w.C 2nfC

Xc

1
X =
¢ 2m-298-106-58-10-15
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Cancellation of parasitic effects

 Same concept like it is used in oscilloscope voltage probe

Zq
S = I/O Rp |
Z1+7Z, YWV "
o—1 o o)

I |

Z, =R, Cs Il C, C';] |
Vo Cc== : Cs=— Rs§ Vs '_l

Zz — Rp " Cp v :

DUT g O O  Oscilloscope
|

if

R, C, = Ry + (Cs+Cp)

is valid, the relationship between V, and V will become frequency-independant.
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Cancelling the effect of parasitic capacitance

R, =22 kQ
C, = 58 fF
RS=50Q

22 kQ -60 fF
Cshunt= =0 0 = 25.5 pF

The nearest standard value to 25.5 pF is 22 pF.

=> Effect of parasitic capacitance can be eliminated by adding a 22 pF shunt
capacitance to the structure
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Electromagnetic coupling

* Faraday’s Induction law predicts how changing magnetic flux through surface S
induces emf in any boundary path of that surface.

: d =
Electromotive force = — Efs B- nda

Magnetic Flux

- Difference between probed signal when signal travels in different direction on high-power
line is cause by magnetic coupling.

The magnetic coupling induces the voltage on the line which is not negligible !
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There are various factors that affect the electromagnetic fields on the structure.
Some of them are :

* Relative permittivity of substrate (<,.)

* Substrate height

* Size of ground area between lines

= Not so easy to predict electromagnetic field behavior in different part of the

structure.
The best way is to run electromagnetic simulation.
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Building up the Model Iin the Simulation Tool (Empire
XPU)

D U_I Mona ParsaMoghadam - April 2015 @
gUs 1S BU R G ona ParsaMoghadam - Apri 17

HFT




Simulation results with and without shunt
capacitor

Probed Signal

&
o

<€—— Probed signal
Without Cshunt

&
T

dB(S(5,6
dB(S(4,6
s
5 b
IIII|IIII|IIII|IIII

5

S
S
S

i

<€— Probed signal
With Cshunt

én
=

\\

én
o

00 01 02 03 04 05 06 07 08 09 1.0
freq, GHz
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Simulation Results:
Comparison between using 2 parallel 11pF capacitor and one 22pF

Probed Signal
43.5
455 ] Probed signal
~ with 2
| capacitors
-47.5—
Qom0 ]
<N
[afaf] i
TTT
S51.5— ——
——
] e —
-53.5— .
i Probed signal
with 1 capacitor
'55-5 IIWI||II|]IIII||II||||II|IIII|IIII|IIII

100 150 200 250 300 350 400 450 500
freq, MHz
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Simulation results for different arrangements

Probed Signal
41
i m1
| ind Delta=0.000
7 dep Delta=3.052| €=
--() Probed Signal 45— Delta Mode ON
5 47— m m2
= ] freq=300.0MHz
l_@_ @ 49— m2 dB(S(2,3))=-49.913
= | h
51—
|§| =53

Highpowerl'ine '55IIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
100 150 200 250 300 350 400 450 500

freq, MHz

[1]
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Simulation results for different arrangements

Probed Signal

m1
ind Delta=0.000

43—
dep Delta=3.338@
Delta Mode ON

] m
G 47— m2

= i freq=300.0MHz

22 40 m2 dB(S(4,6))=-49.637
=

_@j. Y

51—
I_%' =53
HighPowerLine 55 L L L B B M B
100 150 200 250 300 350 400 450 500

freq, MHz

[2]
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Simulation results for different arrangements

Probed Signal
41 —
B ind Delta=0.000
7 dep Delta=2.711|
! 45 Delta Mode ON
Probed Signal - i
Sy m2
= - freq=300.0MHz
Mo 49— m1 dB(S(8,7))=-52.058
[z © {1 A
i Y
El 53—
'55 T T 171 | T T T | T T 171 | T 171 | T 17T | T T TT1 | TT T1 | T T 171

High Power Line

100 150 200 250 300 350 400 450 500
freq, MHz

3]
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Simulation results for different arrangements

Probed Signal
41
i m1
43 ind Delta=0.000
1 dep Delta=2.673 e
_() — 45 Delta Mode ON
- robed Signa
5__ _47__ m2
¥ ] freq=300.0MHz
o 49 m1 1 |dB(S(15,13))=-52.004
@ | T —/ A
-51— m2
] \4
I_%' 53—
High Power Line '55 T T T | T 1T | T T T | T TT | T T TT | T TT | T T 17T | T T

100 150 200 250 300 350 400 450 500
freq, MHz

[4]
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Reducing induced voltage by shifting capacitor
near to coax cable
|S23-S13| dB

—-0 Probed Signal

=

[=2]
©
=
(%]
S
(]
)
(]
S
@
S
[
a.
[=14]
c
=
(]
)
)
©
Q
wv

L

High Power Line

5700 5300 4900 4500 4100 3700 3300 2900 2500
Hm Hm Hm §m Hm Hm pm §m Hm [4]
= |S23-S13| dB| 2,836 |2,4844 |2,0507 | 1,4548 1,0225 0,639 | 0,5018 | 0,2273 | 0,0063
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Probed signal near and far from high-power line :

Probed Signal
-51.0
i m3 m1
y Y ind Delta=
51.2— 1T |dep Deltaé0.243:)
. Delta Mode
y m1
A m2
7 7 5 freq=300.0MHz
Near Far \-ﬁ‘lf—f nl dB(S(2,3))=-51.660
] m3
-51.8— \ Ind D'E‘Ita=
m4 dep Delta€0.892)
-52.0— Delta Mode
7] m4
-52.2 1 T 7 T T T T T 1 T 17 T 17 T 17 T ] freq=SUOUMHz
200 220 240 260 280 300 320 340 360 380 400 |dB(S(4,6))=-52.008

freq, MHz
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Conclusion of EM Simulation

* The loop that is made by shunt capacitor and coax cable is the critical area.
The magnetic flux pass through this area, induce emf on the line.

* According to Faraday’s induction law the induced emf can be decreased by
- Minimizing the surface area that magnetic flux goes through

- Getting far from high-power line for reducing magnetic filed strength
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Equivalent Circuit without considering magnetic
coupling

. ! o fup | S-PARAMETERS
s A
Term CPWG S_Param
Term3 CPW4 sP1
Num=3 Subst="MSub1" Start=0 MHz
Z=50 Chm W=1730 um Stop=2.1 GHz
G=1.5mm = .
L=1500 um Step=1.0 MHz + ¥ Torm | o *2  Term
- _ ., ) By | Term4 Term5
r:\'m ’ L MSub § Num=4 § Num=5
: C L2 CPWG Z=50 Ohm33 = Z=50 Ohm
= i c2 L0 nH cPWa MSUB = SN =
R=0.29 Ohm C=22 pF o §|:|E Subst="MSub1" MSub1 1 +3 Torm 1
W=1730 um H=800 um - T -
- ermb
G=1.5 mm Er=3.55 Num=6
L=3500 um Mur=1 Z=50 Ohm
T Cond=50E6 _
& L1 Hu=1.0e+036 um
% L=0.5nH T=50 um {-t} =
R= TanD=2 TE-3
Rough=0 um
L I Bbase=
E ; =] Dpeaks=
Lo R1
C=601F R=22 kOhm
L UL LR RLLLLY
. . - . .
+ Term | I | I + Term
Im 11 CPWG CPWG EJ mfz
=50 Ohm ahidh CPw2 Z=50 Ohm
_ Subst="MSub1" Subst="MSub1" _
W=1730 um W=1730 um
— G=1.5 mm G=1.5mm —
L=6715 um L=13300 um
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- Comparison between S-Parameters in the electromagnetic simulation and the
equivalent circuit simulation

Transmission Coefficients
45

-50—

-55— e Circuit Simulation Result

60—
65 e EM Simulation Result
-70_

-75—]

'80|||||||||||||||||||||
0.0 02 04 06 08 10 12 14 16 18 2.0 22

freq, GHz
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Induction loops in the model :

® 500
—_—
® ®
| 500
H-fielde—® ® [] g
| ~
®
® ®2|ZIpF L §| |
® ® (a)

(b)
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Modeling Magnetic Coupling with Transformers

1| |
I VYW
MSub OPTIM
Tarm
TarrnE MELUEB Optim
Num=3 MSubi Optim1
|ﬁ | S-PARAMETERS | =50 Ohm l e e ame=Randon
— CPWG Er=1.55 EmarForm=L2
e—'?'imm CPW4 } Mur=1 DesiredEmor=0.0
Stort=100 b4 Bubst=MSub1 Cond=50E6 StatusLevel=4
Stop=2 GH ’ W=1730 Hu=1.0e+036 um Finalfnalysis="SP1*
Stops MHz G=1.5 mm T=50 um {4} NormalizeGoals=yes
p= L=1500 um TanD=2.7E-3 SetBesiValues=yes
Rough=0 um SavelGoals=yes
T3 f I Bbasa= SaweOptimVars=yes
o r o o p a Dpeaks= UseAllOptVars=yeas
1 | , UseAllGoals=yes
], VW 71 i Y SaveAlTrials=no
R2 o1 Lt L cPwe
Re0.20 Ohm =92 pF L= CPWS l GOAL l GOAL
= Subst="MSub1"
W=1730 um Goal Gog
G=15mm OptimGaald OptimGaal2
L=3500 um Expr="dB(S11}-dB(S44)" Expr="dB(S12}-4B{545)"
SiminstanceMame="53FP1" SiminstanceMame="3F1"
TZ f I b L Weight=1 Weight=1
L2
o r oo p ( ) L=0.5 nH GOAL GOAL
c (Goa Goa
co OptimGoal3 OptimGoal4
s Expr="dB(S13)-dB(S46)" Expr="dB(S23}-dB{S58)
T SiminstanceMame="5P1" SiminstanceMame="3P1"
Weight=1 Weight=1
A g AN
I 1 — 1
| M- | M|
- N N
= CPWG CPWG _—
Term1 =
Mum=1 cPwi " CPW2 . Tarm2
2=50 Ohm Subst="MSubl Subst="MSubi MNum=2
L W=1730 um W=1730 um Z=50 Ohm
E=1.5mm E=1.5mm =
L=6577 um L=13160 um
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Using Coupled Inductors instead of

Transformers

L3 and L6 with k2
for the induction
loop (a)

-]

Term
Termd

Z=50 Chm =
um S

v
Tisrm

Term3

Mum=3

Z=50 Ohm [

I

VAR
WARY
L=352 &}
CPWG VARS
CPW3 2=0 {-t}
Subst="MSub1™
We1T30 um
G=1.5 mm
L=1500 um

L
L5
L=0.6 nH {t]

(&

S-PARAMETERS |

5P
=P
Start= MHz

Slop=2.1 GHz
Stap=10 MHz

aram

{_'_'_.%N_'—'-l“

o R
1 crws c2 R2
|::| C=22 pF {4] R=0.20 Ohm {I]
Wel1T30 um
1 G=1.5mm
L=3000 um MEub
MSUB
MSulbad
° BALTIMD f R WUTRG H=800 urn
L4 and L5 with k1 L i >
R=22 kOhm Mur=1
Metubus Autusal Cand=50EER
° ° Mubual2 C Muusal Hus=1De+008 um
for the induction ¢t Tesgumn
M=3e-010 {1 C=60 M=1.8a-012 {I TanD=2 TE-3
Inducior]==L3" Inductor!==L4" Raugh=0 um
I oo p ( b) Inductior2="LE" Inductor2="L5" Bhasas=
Dipaaks=
L L
T L4 cPwe. ,::“"' 22
L=0.18 nH {1 L=0.15 nH {1 CPW2 250 Chim
R= R= Subst="MSub1"
We=1T30 um
G=1.5 mm
L=13260 wm

UNIVERSITAT
SBURG

32

D_U_ I
ESSEN

Mona ParsaMoghadam - April 2015

HFT



Comparison between the Results

The results after tuning the coupling factor match perfectly to the EM simulation results

Transmission Coefficient on high-power line Reflection Coefficient
0.5 -25
=30
0.3
35—
%—:ﬁ_‘ 0.1 e 40—
B — ST
@d 4 mmm 45
== . =TEeT
50—
0.3+
.55_]
'U'5I|I|I|I|I|I|I|I|l|||| -mlllllllllllllllllllll
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 1.0 12 14 16 18 20 22
freq, GHz freq, GHz
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Comparison between the Results

Up to 2.1 GHz an excellent agreement between probed signal in equivalent
circuit and EM model

Probed signals in Circuit Simulation Probed signals in EM Simulation
45 -45
m1 m3
50 freq=1.390GHz 50 freq=1.320GHz
dB(S(2,3))=-78.198 dB?S{S,Ei}]:-??_QSU
55| Min 55 Min
— me P m<
ﬁ.”f_“ 60— freq=1.370GHz EE 60— freq=1.410GHz
= dB(S(1,3))=-67.397| 23 dB(S(4,6))=-70.042
‘ng“%? £5- Min ?g“%f 55— Min
=70— =70
-9 -T9—
'EE T | T | T | T | T | T | T | T | T | T | T -ﬂﬂ T T T | T | T | T | T | T I T I T I T I T
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 1.2 14 16 18 20 22
freq, GHz freq, GHz
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Probed Signal in Larmor Frequency

-51.300
51.514
-51.729

o™~ -51.943

Y =i O —

wuvw £

Do@mo  -52.157
TTOTT
-52.371
-52.586

-52.800

m1

m2

m3

m4

100 150 200 250

m1

ind Delta=0.000
dep Delta=0.242
Delta Mode ON

m2
freq=298.0MHz
dB(S(5,6))=-51.659

300
freq, MHz

350

400 450 500

m3
ind Delta=0.000

Circuit Simulation Result

Electromagnetic Simulation Result

dep Delta=0.240 - Only 0.002 dB difference!

Delta Mode ON

m4
freq=298.0MHz
dB(S(1,3))=-52.157
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Investigation of different coupling factors on the
probed signal

Coupling Factor = k

0<k<1
No coupling Full coupling

For finding the dominant induction loop , k1 and k2 are shifted from minimum
(k = 0) to maximum (k = 1) and the effects on the probed signal in the time
domain is being observed.
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Induction loop (a) and corresponding coupling factor
(k2 = 1)

m1 m2 & 500
time=3.356nsec ind Delta=0.000
ts(V _probed 4)=0.790| |dep Delta=0.010 ®

| -
22kQ

(a)
Pink Trace : k1=k2=0

Blue Trace: k1=0,k2=1

'1-0IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6 7

time, nsec
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Probed Signal for Maximum Valid Value for k1

Vv
Vv

ts(V_probed_4),
ts(V_probed_3),

UNIVERSITAT
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-
o

-
=

o
)]

o
(=]

o
o

N
(=

'
—
n

m 1 m2
time=3.356nsec ind Delta=-6.040E-10
ts(V_probed 4)=0.790| |dep Delta=0.240
] 2
] g m1
_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6
time, nsec

7

Pink Trace : kl1=k2=0

Blue Trace : k1=0.32,k2=0
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The dominant induction loop is (b)

Some values for coupling factor on this loop and corresponding induced voltage and

phase shift

0dB 0mV 500
1
° | M
0.003 0.08 dB 2mV ®
0.1 2dB 40 mV 21° | |
0.23 2.9dB 79 mV 50° ZIZFIJF
65°

/ 0.32 3.5dB 240 mV \

Maximum valid value for this Induced voltage = 35% ideal probed
model voltage
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Conclusion

Equivalent circuit simulation results also showed that the induction loop which is
created by shunt capacitor and coax cable is the critical area which can induce

voltage up to =250 mV.
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PCB Model for Measurements

- Measurements are done on a
PCB which reflects the output

B , “-ﬁW“N\

part of the RF power amplifier V7

where the voltage is probed

N 7 \ \\\\\\\ 'Y

- PCBsize=2cm x3cm !
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Measurement results for showing the effect of shunt
capacitor

Probed Signal with and without shunt capacitor
-30.0

-32.5—
-35.0
-37.5

o)

40.0_ Red Trace : with Cgpynt

B

-42.5 .
i Blue Trace : without Cg},unt
-45.0—

-47.5-

-50-0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 20 100 150 200 250 300 350 400

freq, MHz

UNIVERSITAT
D U IS BURG Mona ParsaMoghadam - April 2015 43

HFT




Measurement Results for Extreme Cases

- Probed signal in arrangement [1]

1 2
Pljeq=300.2MHz Einep Delta=2.731
dB(S(9,10))=-40.680| |Delta Mode ON
-34
Amplitude and Phase deviation 36
for 2.7 dB difference == ] m2
=63 mV 58 - [%
42 High Power Line
=35° -44—_
i [1]
'46 I\IIlIIIIlIIIllIIII|IIII[IIII|IIII|IIII

100 150 200 250 300 350 400 450 500
freq, MHz
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Measurement Results for Extreme Cases

- Shunt capacitor far from the coax cable

m2
m1 ind Delta=1.100E6
freq=300.3MHz dep Delta=-1.968

dB(S(11,12))=-37.299] Delta Mode ON

-20.0
Amplitude and Phase deviation 2351

for 1.96 dB difference -27.0-
-30.5—

=35 mV

-34.0—
m1

dB(S(11,12
dé(é(S,B))n

-37.5—

=19°

-41.0—
-44.5—

"480 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
100 150 200 250 300 350 400 450 500

freq, MHz
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Measurement Results for Extreme Cases

- Shunt capacitor in the middle of junction and coax cable

m2

Pﬂ 200.0MH ind Delta=0.000
req=ouu. Z dep Delta=-1.191
dB(S(7,8))=-38.945 Delta Mode ON

-20.0
Amplitude and Phase deviation 235 |
for 1.19 dB difference -27.0
== -30.5—
=20 mV == 340
~10° 9% 375 m1

-44.5—

"480 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

100 150 200 250 300 350 400 450 500
freq, MHz
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Measurement Results for Extreme Cases

- Shunt capacitor near to the coax cable

m2

Pﬂ 200.0MH ind Delta=0.000
req=souu. Z dep Delta=-0.300
dB(S(7,8))=-38.945|  |Delta Mode ON

-20.0
Amplitude and Phase deviation 235

for 0.3 dB difference -27.0—
-30.5—

=10 mV -34.0
-37.5- m%

-41.0—

ez

o

-44.5—

‘48-0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
100 150 200 250 300 350 400 450 500

freq, MHz
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Outline

* Introduction
- Thesis work scope
- MRI system
- RF Power Amplifier / Cartesian Feedback Circuit
* Inaccuracy in Probing Voltage
- Parasitic Elements
- Electromagnetic coupling and induced voltage
* Electromagnetic Simulation
e Circuit Simulation
* Measurements

Summary and Conclusion
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Summary

In an MRI smart power amplifier, the accuracy of the probed voltage is very important.

* Magnetic coupling can induce a voltage up to = 250 mV. EM simulations were done to
find the best arrangement of elements for minimizing the induced voltage

* The critical induction loop which caused the most induced voltage is the loop which
is created by the coax cable + a part of the transmission line + shunt capacitor

* An equivalent circuit was given for modeling the voltage probe + magnetic coupling

 Measurements were done to support the simulation results.
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Conclusion

* Electromagnetic coupling is a big concern in the probing voltage.

* According to Faraday's induction law, magnetic coupling can cause induced voltages
on the line.

- Determine the induction loops on the line on which the probed voltage travels.
- Try to minimize the induction loop areas.

- If possible, shift the induction loops far from the high-power lines.

* When needed RF shielding for minimizing the magnetic coupling and crosstalk
effects.
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Thank you for your
attention!
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Backup slides
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Mismatching causes a standing wave on the high-
power line

Incide itwave / \ / \
ANy \ /

* With an open termination

\ / standing wave with node

amplitude equal to 0 is expected.

* The minimum signal level that is

probed is not equal to zero
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