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More Phasors, Freq. Response / Transfer function / AC Power
And MRI Coills
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Announcements

- Last time:

» Resonant Tank

* AC Response / Phasors
» foday:

» Cont. AC response

* AC Power
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Recap

Complex valued “resistance”

/ =R+]X
i 1
mpedance

Resistance

\

Reactance
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Example 1: AC Response of an RC
V(1) = Vpp cos(wt)

Voltage divider:

AC responses using phasors: _ l. -
R V, = V,
R+ Z,
L
~ ]a)C ~
TR +— .
JoC
- | -
Vo =+ Vs
JowRC + 1
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Example 1: AC Response of an RC

- | -
Vo=T—7%A~77s
JoRC + 1

w*(RC)? + 1

PL&-SG‘ IZU/):
£LH(jw) = — atan(wRC)
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Example 1: AC Response of an RC

| H(jw) | = ——

w=0 |H(jow)| =1 ¢H(jw) =0 Vo2(RC)? + 1
oo Hio) =~ ZHGo)=-F = _45  <H(o)=-aan@R0)

RC /2 1

L Ho) | ~ —

S Q) ~
©“Z%c " o(RC)
®— oo |H(jw)| = 0 ZH(jw) = — = = — 90°

2

4
P
V- k eee
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Example 1: AC Response of an RC

|
H(jw)| = ————— /H(jw) = — atan(wRC)
V 04(RC)? + 1
0, : 27100 | H(jw) | : ZH(jw) - 45°
N
Linear plot —IH
T s
................. -
- K
2
Input: Output: ] T
V.(t) = Vppcos(2x - 100¢) V() = %VDD cos | 2z - 1007 — Z
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Example 1: AC Response of an RC

1
H(jw)| = ——— /H(jw) = — atan(wRC)

V 04(RC)? + 1

1 1
w =—= 27100 |H(jw)| = — 4H(jm)=—£=—45°

RC \/5 4

| H(jw) | Loglog plot ZH(jw)

O B ! : ' DD ! ! ! e ey O [——— ' ' R R B ' ' ' I

10" T 1 s
V2

10-1 :— .................................. . —: _7-‘-/4 S S— e mt T T

P ___04672- ............................ :
10 T2 bbb e L L L 1 1 | W s s e e P

57100 2710 2,107 57107 2710%  5.10° 5,10 5,102 5103 5.1

Input Output: 1
V.(t) = Vpp cos(2rz - 1001) V.(t) = —Vpp cOs

27+ 1001 — f)
NG

4

EECS16B Tennant & Lustig, EECS UC Berkeley



Example 1: AC Response of an RC

NYYYYYYYY.
AR RRRE

.

Input: Output: |
T
V.(t) = Vppcos(2x - 100¢) V(1) = V5p €OS (27:- 1007 — —)

V2 4
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Example 1: AC Response of an RC

T
AR

lHHllllll“lllllllllllllllllllllHlilHHHHHIHHHHIHHlllllllllllllllHIHHHHHH

uuuuuuuuuu
V() Viop cos(2z - 10007) V(1) ~ 0.1V, - 1000z — 0.467)




Example 1: AC Response of an RC

-1
0 1

Input: Output:
V.(£) = Vpp cos(2r - 100¢) Vi(#) = 0.1Vpp cos (27 - 10007 — 0.467)
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AC circuits in steady state

' &
» Network theorems that apply: 24 7
- Voltage / current dividers \7 :'TJ @ E
» Source superposition g L¢ 2
* Thevenin/Norton

V U

\{f v iﬁz?* ?
o, Z, IIZJ\
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AC circuits in steady state
Rules of - for L and C:

For DC:

1
lim Z, = - = 00
w—0 JoC

w—(
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AC circuits in steady state
Rules of - for L and C:

For DC:

1
lim Z, = - = 00
w—0 JoC
w—0
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AC circuits in steady state
Rules of - for L and C:

For DC:

1
lim Z, = - = 00
w—0 JoC

w—(

For very high frequency:

1
W—> 0 - ]C()C

a@— 0
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AC circuits in steady state
Rules of - for L and C:

For DC: i
lim Z, = - = 00
w—0 JoC

w—(

For very high frequency:

1
W—> 0 - ]C()C

W —> 0
V2
H(jw)|Loglog plot
10.1 ‘ (.]a)) ‘ Og Og p O ............................... ()1 _
10-2 x L | 1; n
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Series RLC AC analysis

> \/S V_g ~ — 1
I= ]Z-l- ZL_‘)'Z /2"‘\‘0 .\._/_(,’)CVS ‘
()') Coheh I¢ s mx\maf 2 /
A S A
‘()}\@Y\ Aﬁ) L= ro, ——> = U'ZEV
L
Q): eahat i V.7 - ; = 7
.y =12 =4 =3 |&
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Series RLC AC analysis
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Series RLC Resonance

At o= > Z.+7, =0

VIC

~/

But.... V.=—jV.0
f Q=400 |V.|=400|V,| |
Passive voltage gain!

Circuit at DC (w = 0):
R L
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Parallel RLC Resonance

ZLd:ZC‘ ‘ZL
1 |
ZLd= =
1 2
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MRI Receiver Coills

* Near-field antennas
* Recelve the MRI signal

» Designed to maximize
signal at the MRI frequency

— Arrays are key for SNR &
acceleration

courtesy Boris Keil, Larry Wald, MGH



Proximity Is the Key

*Corea et al, Nat Commun. 2016;7:10839



Coil Arrays

- Use multiple small elements to
— Gain SNR and coverage
— Gain Speed (parallel imaging)




Receive Coil Components

0,
— =~ 128|MHZ]
AT

(uV] — 10s [uV]

courtesy Gillian Haemer, InkSpace Imaging



Receive Coil Components: Capacitors

0,
— =~ 128|MHZ]
AT

(uV] — 10's [uV] O =20 — 400

R L 0N
V,

courtesy Gillian Haemer, InkSpace Imaging



Receive Coil Components: Capacitors

0,
— =~ 128|MHZ]
AT

~ 10's[V] = 100's[V]

V. LC

courtesy Gillian Haemer, InkSpace Imaging



Receive Coil Components: Detuning

®

( 7
\ De]?ulr?i(rilé

DC Bias

&
X
o
=
S
LL
14

courtesy Gillian Haemer, InkSpace Imaging



Pediatric Coll Arrays

* Array density, coverage and fit are key

e Often adult coils are used
— Limits SNR
— Limits acceleration
— Limits patients management
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The Dream




Su

J Corea AC Anas et aI’ Nature comm. 2

016;7:10839. UC.




1st Volunteer Imaging 2013

8 Channel Printed Array 12 Channel Coil

J. Corea




Baby Hope - preparing for patient imaging 2014

L]
. > A. Flynn

& N




1st Baby — 3kg, 10 weeks old patient




“The Berkeley 12”7 - 2016

e 12¢CN

e Printed Antennas
 Remote Detuning
+ Unique Packaging {E==
+ Weight 360gr ES

- e -~

-
- ‘e

J. Corea, Lustig, Arias, et al. Nature comm. 2016;7:10839. UC Berkeley
J. Corea, Lustig, Arias, et al. MRM. 2017;78(2):775. UC Berkeley



The Berkeley 12ch Array

5 years old il be“OWS\ 2 years old

Comment > Radiology. 2019 Apr;291(1):186-187. doi: 10.1148/radiol.2019190209.
Epub 2019 Feb 26.

Can We Convert a Comfort Blanket to an MRI Coil?

o
Hildo J Lamb

’ - 20 patient usabillity/preference study

- Preferred by Techs, Nurses, parents/child
- Clinically diagnostic, SNR similar to 32ch

Winkler et al., Radiology 2019;291(1):180-185
AR | 0




Founded InkSpace Ing

0

INKSPACE

IMAGING

Improving the comfort, reliability, and performance
B_Lechéns L. W of MRI exams
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Pediatric 24ch printed aray g o

» Technology commercialized by InkSpace Imaging 'NKSPACE
— FDA 510K Approved as of 12/2021

IMAGING




15-Channel Twisted Wire Head Array

richardedden @richardedden - Jun 4

' For when you absolutely need to get an MRl immediately before robbing a
bank...

O (] ¥ 3 |1 155 N -




Multiple Positions, compatible with EEG




What now?

EECS16B Tennant & Lustig, EECS UC Berkeley



AC Voltage/Current of a Resistive Load

Vir(t) =V, cos(wr)

Phasor form:

VR(t) — VReja)t
Amplitude: | Vi | =V,

Phase: AVR =0 o)
y4

T Y|
Frequency: @ = — = Zﬂf [rad/s]
Ix
[s]
Resistive Load: -
Vo (t Vel
= RO _ Vr
R R
Va . Vo
— — = Ip(l) = —cos(w?
Iy P r(?) I (1)

EECS16B Tennant & Lustig, EECS UC Berkeley




AC Voltage/Current of a Resistive Load

Vir(t) =V, cos(wr)

Phasor form:

VR(t) — VReja)t

Amplitude: ‘VR‘ = VO

Phase: LVR =0 Yo
[Hz] /

T A
Frequency: @ = — = Ziz'f [rad/s]
s

Resistive Load:
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AC Power of a Resistive Load

VR(I) — VO cos(wt) IR(?) = % cos(wt)
V2
p() = Vy0ig(t) = 70 cos*(w,)
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AC Power of a Resistive Load

v
Vir(£) = V, cos(wr) i (1) = EO cos(w?)
. Vi
p(t) = Vr(Dig() = — COS (@,)
Power consumed on positive and negative cycles!
1 T V2 1 T 2
Pavg = J p(t)dr = L J' cos(w1)dr = L Vs
IJ, R T), 2 R
A
Phasor form: Vi IR —_
R
1Y
2 R
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AC Voltage/Current of a Capacitive Load

V.(t) = V,cos(wr)

Phasor form:

V(1) = Vceja”

Capacitive Load:

~y

VC
L

JoC

~yy

1

C

V -
— = wCV e’z
ZC

= i(f) = wCV, cos(wt + g) — — wCV,sin(wr)
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AC Voltage/Current of a Capacitive Load

V.(t) = V,cos(wr)

Phasor form:

V() = Ve

Capacitive Load:

~y

. V. V. -
[.=— = = w(CV e
C Z | C
- —
JwC

= i(f) = wCV, cos(wt + g) — — wCV,sin(wr)
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AC Power of a Capacitive Load

V() = Vcos(wr) ic(t) = — wCV, sin(wr)

p(t) = Vg(@0ix(t) = — @CV; cos(wr)sin(wr)
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AC Power of a Capacitive Load

Ve(®) =V cos(wr) ic(t) = — wCV, sin(wr) ' I >

p(t) = Vg(@0ix(t) = — @CV; cos(wr)sin(wr)

Power oscillates between positive and negative
twice a cycles! Power goes back and forth!

1 T
Pavg = ?J p(T)dT =0

0
Phasor form: Vc Ic ZJO)CVC
1. - o
Pave = EVCIZK = —]a)CVO Pure imaginary average power!

Also called reactive power — average power stored in a cycle
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AC Power

I Pure real resistive/
e 9 R dissipating power

. .V
Resistor: IRz?R

= . = : le Pure imaginary

Capacitor 1. = jwCV, Pavg = J CE 0 Reactive power
_ 2
-V _ L Vs Pure imaginary
Inductor [} = — Pavg = |
L oL ENLS 9 jowL Reactive power

General complex valued power: =/ V=V

1

Pave = 5‘77* = VO]Oej(92—91)
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AC Power NN 0
v 1 V2 » T o
Resistor: J. = _R D = 0 Pure real resistive/ * ;
* R I dissipating power -
1 o A
. ARy i Y2 Pure imaginary ;
Capac:ltor IC =J a)CVC p avg .] C 2 V() Reactive power ------------------
» 2 :O 50.5
- VL _ L Vs Pure imaginary * | *
Inductor [} = ]_a)L Payg = 2 jwL Reactive power \ I(Z T
General complex valued power: 1=/ V=V

1.
—VI* =
2

P ave VOI Oej (6,=0))

l ..
Resistive dissipating average power: Real{ —VI*} = —

> > olocos(0, — 0,)

|
Reactive (storage) average power: Imag{EVI*} =
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Grid AC Voltage and Power
% =155V —p

1 magn
Vmagn Vam g=110V = R N Y O V. s v o v v v v

VRMs = |
SN B

Vpp —2) Vmagn Vpp=31 1V

0 0.25 0.5 0.7p 1 1.25 1.5
1 ~ ~
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